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BEST AVAIUBLE COPY 

Remarks 

This Communication is responsive to Examiner's suggestion that submission of 
evidence is appropriate. 

In the most recent Office Action, the Examiner rejected claims 1,3, 6-7, 10-11, 
13, 16-17, and 21-43 vmder 35 USC § 103(a) as being unpatentable over Guire 
(4,979,959) in view of Marin et al. (5,433,477). The Examiner contends that Guire 
discloses a vascular graft with a thrombogenic agent covalently bonded to its surface. 
The Examiner further contends that Marin et al. teaches the use of a vascular graft as part 
of a stent-graft and that the combination of these teachings would have been obvious to 
one skilled in the art. 

The rejection under 35 USC § 103(a) is respectfully traversed. Guire does not 
disclose a vascular graft coated with a thrombogenic agent, such as thrombogenic 
collagen. As a starting point, Applicants do not contend that Guire does not teach 
thrombogenic coatings at all. Applicants simply contend that Guire does not teach, and 
in fact teaches away from thrombogenic coated vascular grafts. That is, Guire teaches 
thrombogenic coatings for devices other than vascular grafts. 

As outlined in our previous response, it is known to those skilled in the art, that 
there are multiple types of collagen and that not all types exhibit the same properties. For 
example, it is well known that collagen Type I has thrombogenic properties while Type 
IV is known to be nonthrombogenic. In response, the Examiner cited an abstract of a 
study that reports that collagen Type IV increased platelet adherence to plastic surfaces. 
The Examiner cited this reference for the proposition that collagen Type IV is 
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thrombogenic. Although the Examiner's use of the citation is instructive, it cannot be 
viewed as dispositive. Despite such reports that Type IV collagen induces platelet 
adherence, it remains the general consensus of the scientific community that naturally 
occurring, non-modified Type IV collagen is non-thrombogenic (See, e.g., Packham, et 
al attached as Appendix A and hereby incorporated by reference and Barnes, et al. pp. 
134-137 attached as Appendix B and hereby incorporated by reference). 

Packham, et al. and Barnes, et al. report that naturally occurring Type IV collagen 
is non-thrombogenic. Packham, et al. address the conflicting reports that Type IV 
collagen can induce platelet adhesion and conclude that these studies are flawed in that 
the collagen samples are contaminated with Type III collagen. (See Packham, et al. pg. 
227). In fact, the basis for the non-thrombogenic nature of collagen can be found in its 
structure. More specifically, Packham, et al. report that the primary sequence of collagen 
Type IV prevents the formation of fibrils with the highly ordered quaternary structure 
characteristic of other types of collagen. (See Packham, et al. pg. 227). In fact, electron 
microscopy studies of the basement membrane show an absence of any 67nm periodicity, 
which is characteristic of other coUagens. (See Packham, et al. pg. 227). Thus, collagen 
is capable of platelet adhesion only when specific conformations are achieved and these 
particular conformations are not known to exist in vivo or to occur naturally (Packham, et 
al. pg. 233). Furthermore, it is even difficult to form this conformation in vitro with 
specific chemical pretreatments (See Barnes, et al. pg. 134). In fact, significant chemical 
modification of Type IV collagen is required to render it capable platelet aggregation. 
(See Barnes, et al. pg. 134). 
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Platelet adherence is a necessary first step in the complex cascade of events 
leading to the formation of a thrombus. Since the conformation of Type IV collagen is 
not capable of inducing platelet adherence, it cannot be considered thrombogenic. 

The Examiner contends that Guire discloses a vascular graft with a hemostatic 
agent such as collagen covalently bonded to its surface. Applicants respectfully disagree. 
Applicants concede that Guire teaches the attachment of a "thrombogenic agent" to 
surfaces. Hov^ever, as Applicants attempted to impress in our previous response, Guire 
does not teach the attachment of thrombogenic agents to vascular grafts. 

In our previous response, Applicants attempted to outline various pieces of text 
from Guire to illustrate how Guire actually teaches away from thrombogenic coating on 
vascular grafts. The text of Guire as a whole, would not suggest to any reader to attach 
thrombogenic molecules to a vascular graft; Guire cautions against this stating that 
thrombosis is a problem wi\h grafts. In fact, in an affidavit by David Clapper (filed 
October 6, 2005 in this case), it is established that the general consensus among the 
community is that it would be counter-intuitive to coat a graft with a thrombogenic 
coating because of the perceived danger of a thrombotic response that may restrict blood 
flow. 

It has become apparent fi-om the Examiner's response to our previously filed 
remarks that Examiner has not understood our contentions. For example, the Examiner 
contends, citing column 1, that Guire teaches against rapid thrombogenic action. 
Applicants respectfiiUy point out that whether the thrombogenic action is rapid or slow is 
irrelevant to the issue of whether Guire teaches thrombogenic coated vascular grafts. 
Furthermore, in the text of Column 1 that the Examiner cites, Guire discloses that 
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uncoated surfaces of synthetic blood vessels undesirably induce rapid thrombogenic 
responses. Applicants contend that intuitively, coating a surface with a thrombogenic 
material would induce an even more rapid thrombogenic response than the uncoated 
surfaces discussed in Column 1. Therefore, if a rapid thrombogenic response is to be 
avoided, a person skilled in the art certainly would not read Guire as teaching 
thrombogenic coatings for vascular grafts. 

The Examiner also states that because Guire uses the language "ideally" in the 
specification that less or non preferred embodiments are being referred to. Applicants 
respectfully disagree. Rather, the paragraph referred to by the Examiner is in the 
"Background of the Invention" and simply states at least some of the goals that the 
invention of that patent seeks to fulfill. Furthermore, the language at Column 1, stating 
that the primary impediment to the use of vascular grafts is thrombosis, simply cannot be 
ignored. It would be appear to be illogical and irrational to state a major health problem 
and then suggest a course of action that would seemingly exacerbate the problem. There 
really is no suggestion that Guire intended such an adverse outcome. Herein lies a 
critical distinction in the claimed invention of Applicants over Guire. 

The Examiner also states that "[t]he example starting at column 7 does not 
necessarily refer to all embodiments". Applicants agree. However, it does not follow 
that Guire teaches thrombogenic coated vascular grafts. The examples, particularly 
example 6 starting at colunm 1 1, are pointed to simply to illustrate the consistency of 
Guire' s teaching of the use of only of non-thrombogenic coatings for vascular grafts. 
That is, in the example dealing with grafts, the coating contained a non-thrombogenic 
material. 
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Further, Applicants respectfully disagree with the Examiner's characterization of 
the results of the study described in this example. The test grafts were "free of 
thrombosis" see column 11, lines 35-37. The control grafts showed "no significant 
thrombosis" see column 11, lines 31-35. However, the distinction is irrelevant to the 
consideration as to whether Guire teaches thrombogenic coated vascular grafts. 

Of significant importance is that Guire states that the biocompatible agent is 
chosen to enhance the fiinction of a particular device (column 3, lines 25-26 and 
paraphrased at column 4, lines 29-3 1). Guire states that thrombosis is a major 
impediment to the use of vascular grafts. Therefore, a person reading Guire would not 
select a thrombogenic agent for a vascular graft since according to Guire, this would not 
enhance the function of grafts. Rather, it would, in fact, according to Guire' s disclosure, 
decrease its function. 

The pending claims are limited to a stent graft wherein the graft has a hemostatic 
bioactive agent. Guire does not teach a graft with a hemostatic agent. Applicants 
respectfully submit that claims 1,3, 6-7, 10-1 1, 13, 16-17, and 21-43 are allowable over 
the cited art for at least the reasons outlined above. 

In light of the above, the Applicants respectfully submit that each of claims 1,3, 
6-7, 10-11, 13, 16-17, and 21-43 is in condition for allowance. Because these are the 
only claims pending in the application, prompt issuance of a Notice of Allowance in this 
case is courteously solicited. 

If the Examiner feels that prosecution of the present application can be materially 
advanced by a telephonic interview, the undersigned would welcome a call at the number 
listed below. 
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Dated: September 7, 2006 



Respectfully submitted, 

AA 

Jeamiine J. thiel* 
Attorney Registration No. 54,939 
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SurModics, Inc. 

9924 West 74* Street 

Eden Prairie, MN 55344 

Ph: (952) 345-3549 

Fx: (952) 345-3560 

email: ithiele(a),surmodics.com 
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Platelet Adhesion 



INTRODUCTION 

For the purposes of this review, platelet adhesion is defined as platelet adherence to 
cells, tissues, surfaces, and particles, but platelet-to-platelet adhesion, that is, platelet 
aggregation, is excluded. 

It seems appropriate to begin a discussion of platelet adhesion by emphasizing that 
platelets do not adhere to the intact, undamaged endothelial surface of a nonnal blood 
vessel. (1-6) The reasons for this are not yet folly understood, but the inability of platelets 
to adhere to this surface is essential for the maintenance of a vascular tree through which 
blood can flow freely. Platelet adhesion, therefore, is generaUy the response to an abnor- 
mal state of a blood vessel, or to the presence of an abnormal surface. 

Platelet adhesion plays a central role in the formation of hemostatic plugs and 
thrombi, particulariy arterial thrombi, although venous thrombi may be initiated by a 
mass of aggregated platelets that accumulate on adherent platelets in a valve pocket of an 
injured vein. Platelets may also adhere to diseased vessel walls and to abnormal or 
diseased cardiac valves, but this aspect of platelet adhesion has received little attention 
since most experimental woric has been done with normal vessels of comparatively young 
animals. The release of platelet-derived growth factor froni platelets that adhere to an 
injured vessel wall has been implicated in the initiation of the smooth muscle cell prolifer- 
ation that characterizes atherosclerotic lesions. Platelet adhesion appears to have a role in 
some aspects of wound healing; Maintenance of the integrity of the endothelial lining of 
blood vessels is also one of the major roles of blood platelets as is well illustrated by the 
easy bruising that is characteristic of thrombocytopenia. 

Platelets adhere readily to the subendothelium, to the injured neointima that forms 
when a vessel has been repeatedly damaged, to the deeper constituents of a vessel wall 
when these are exposed, to monocytes, macrophages and some other cells, to polymeriz- 
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ing fibrin, to a wide variety of particulate material, and to artificial surfaces. All these 
aspects of platelet adhesion except adhesion to artificial surfaces will be discussed in turn. 

ADHESION IN HEMOSTATIC PLUGS 

When a small vessel is severed, or a larger vessel is punctured, platelets accumulate 
rapidly at the site and form a hemostatic plug composed of aggregated platelets. (7- 14) 
Within a few minutes, fibrin forms around the plug and stabilizes it. The platelets in 
contact with the cut edges of the tissue have been shown to be adherent to collagen fibers 
with gaps in their membranes that are adjacent to the collagen fibers. (10) Some of these 
platelets are swollen, and have lost their internal structures. The platelets at the periphery 
of the plug become adherent to polymerizing fibrin (15) formed under the influence of 
thrombin that is likely generated upon activation of die extrinsic coagulation pathway by 
tissue thromboplastin from the damaged cells of the vessel wall (see Fig. 1 , p. 224) . 



ADHESION TO THE SUBENDOTHELIUM IN VIVO 

The adhesion of platelets to the injured site is one of the first events that follows 
removal of the endothelial lining of a normal blood vessel that has not been injured 
previously. (5, 16-22) These observations have been made with rabbits, rats, moiJceys, 
pigs, and dogs. The subendothelium becomes completely covered by a layer of adherent 
platelets within minutes, probably as quickly as platelets can be brought into contact with 
the surface by the hemodynamic forces of flowing blood. If blood flow is rapid and 
laminar, thrombi do not form on this initial layer of adherent platelets. In regions where 
flow is disturbed and vortices and eddies can form, however, additional platelets adhere to 
the platelets on the wall and to each other, forming an aggregate, or platelet thrombus. 

The reactions that are triggered in flie platelets as a result of their adhesion to the 
constituents of the subendothelium play a major part in the formation of a thrombus where 
blood flow is disturbed. The contents of the alpha and amine storage (dense) granules are 
released and the ADP and serotonin from the latter act synergistically to cause platelet 
aggregation. Phospholipases are activated, fireeing arachidonate, which is converted to 
products that cause aggregation and may affect adhesion. The surface of the platelets is 
altered so that phospholipid becomes available and allows binding of coagulation factors 
to the platelets to accelerate the intrinsic coagulation pathway. In addition, binding sites 
are exposed for proteins that are involved in platelet adhesion and platelet aggregation. 
These reactions will be discussed in detail in subsequent sections of this article. Activa- 
tion of the coagulation pathways at the injury site, and on the surface of the adherent and 
aggregating platelets, causes the local formation of thrombin, which influences thrombus 
formation and stabilization in several ways: thrombin causes further platelet aggregation, 
further release of platelet granule contents, further formation of the aggregating agents 
that arise from arachidonate, and the same changes in the surface of platelets that result 
from their adherence to the injury site; thrombin causes fibrin to form around and among 
the platelets, stabilizing the aggregate since platelets adhere to polymerizing fibrin; 
thrombin may also limit thrombus formation by activating protein C and stimulating PGI, 
formation by intact endothelium adjacent to the injury site. The eventual fate of a throm- 
bus varies from dissolution, as the platelets deaggregate and fibrin is lysed by plasmin, to 
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organization and incorporation of a persistent thrombus into the wall, thus contributing to 
vessel wall thickening. 

Detailed morphologic studies by electron microscopy have revealed several stages in 
the process of platelet adhesion to the subendothelium of previously uninjured vessels. 
The platelets first contact the surface, then become adherent as further interactions 
between their plasma membrane and the surface occur, and finally spread out on the 
surface, forming a layer of flattened platelets. Electron micrographs taken at high magni- 
fications reveal periodic bridges between adherent platelets and the dense bands of colla- 
gen fibrils. (13, 23) Platelets that have merely contacted the surface and have not yet 
changed their shape to an appreciable extent, as well as some platelets in the initial stages 
of adhering, may be removed by the force of blood flow, but platelets that have spread on 
the surface do not appear to detach readily. Most of them remain on the surface for several 
days. The observations supporting this conclusion have been obtained in vivo with experi- 
mental animals, mainly rabbits and rats, into which ^'Cr-labeled platelets have been 
injected before the removal of the endothelium from the aorta with a balloon catheter 
Examination of the radioactivity of the aorta of animals kiUed at time intervals ranging 
from 10 minutes to 7 days has revealed that most of the platelets that adhere initially 
remain on the surface for several days. (5) If the endothelium is removed before injection 
of labeled platelets, much less ^'Cr becomes associated with the wall because the labeled 
platelets do not replace the unlabeled platelets that adhere immediately following the 
exposure of the subendodielium. If the animals (rabbits or rats) are given heparin intraven- 
ously immediately before the aortae are perfusion-fixed in situ, fibrin is not seen on the 
subendothelium in association with the adherent platelets. (2, 5, 24, 25) Investigators who 
describe fibrin in association with a vessel subjected to injury with a balloon catheter 
either have not taken precautions to prevent fibrin formation during removal of the blood 
and fixation of the vessel, or have injured deeper tissues in the vessel wall as well as 
removing the endothelium. This latter assessment of their finding arises from the observa- 
tions that injury of smooth muscle cells causes thrombi to form with a significant fibrin 
component as well as with aggregated platelets. A fiarther indication that fibrin is not 
involved in the adherence of platelets to the subendothelium of a previously uninjured 
vessel is the observation that the administration of heparin before, and for 24 hours, after 
removal of the endothelium with a balloon catheter does not significantly influence the 
number of platelets that are associated with the surface during this time ,(5) 

The initial layer of platelets that forms on the subendothelium of large vessels within 
the first few minutes of removal of the endothelium does not present a surface to the blood 
that attracts additional platelets in the way that the exposed subendothelium initially 
attracted platelets, (3, 5, 26) The reason for this is not clear, but is undoubtedly related to 
the surface characteristics of the platelets that cover the de-endothelialized area. Possibly 
b<e;caW:$!e rempyes rtie APP and^^ A ^2 :tha:^aLre )ost 

from the adherent platelets, insufficient amounts of these aggregating agents can accumu- 
late at the site to make the fibrinogen receptors on the surface of the circulating platelets 
available for platelet aggregation on the adherent platelets. Adhesion on the subendothe- 
lium reaches a maximum in vivo in rabbits by 10 minutes, although a large proportion of 
the platelets are likely adherent well before this time, (5) Evidently adhesion stops when 
the reactive areas of the subendothelium become completely covered with platelets. 

To answer the question of whether the subendothelium becomes less attractive to 
platelets with time even if it is not covered by platelets, platelet adhesion was inhibited by 
administration of dipyridamole or PGI2 before removal of the endothelium. (27) Treatment 
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with dipyridamole was continued for several hours afterwards. Inhibition of the initial 
platelet adhesion by dipyridamole over a 4 hour period, or PGI2 over 10 minutes, did not 
inhibit platelet accumulation when the treatment was discontinued, but treatment of the 
rabbits with dipyridamole for 8 hours did decrease the number of platelets that accumu- 
lated after the concentration of dipyridamole in plasma fell to ineffective concentrations. 
It is apparent that even without complete coverage with spread platelets, the subendothe- 
lium eventually loses its reactivity to circulating platelets, altiiough this change in its 
properties requires more than 4 hours. (27) In experiments in which no treatments are 
given, platelets are gradually lost from the subendothelium and, by 48 hours, the suben- 
dothelium is pooriy reactive to circulating platelets.(3, 5) If '*Cr-Iabeled platelets arc 
reinjected at this time, few of them adhere to the subendothelium. (5, 27) The changes in 
the subendothelium that cause it to become less and less attractive to platelets are not 
understood. PGIj production by the vessel wall can be ruled out because treatment of the 
rabbits with aspirin in doses sufficient to block PGI2 formation completely does not 
influence the number of platelets adherent to the subeiKiothelium at any time after the 
injuiy.(6) It is unlikely that a coating with a plasma protein (such as albumin, which tends 
to passivate artificial surfaces) is responsible for the gradual loss of reactivity to platelets, 
because much more rapid adsorption of circulating proteins would be expected. Possibly 
enzymatic reactions occur to change the adhesive properties of the components of the 
subendothelium to which platelets adhere. Enzymes that might be present include colla- 
genase and elastase fiiom platelets or leukocytes (28-30) and the Ga^"" -activated protease 
from disrupted platelets. (31) 

Electron microscopy of platelets adherent to the subendothelium reveals that most of 
them have lost many of their storage granules. (32) Baumgartner and co-woricers (33) have 
shown that platelets adhere to collagen fibers, basement membrane, and the microfibrils 
around elastin in the subendothelium, but not to elastic fibers, proteoglycans, or amor- 
phous material. In their electron micrographs, only platelets adherent to collagen seem to 
have released their granule contents, although this may be open to reihterpretation, since 
Fauvel and colleagues (34) have shown that in the presence of von Willebrand factor, 
platelets that adhere to microfibrillar material isolated from vessel walls also release their 
granule contents. Huang and Benditt (35) have also shown that, although platelets adhere 
to the glomerular basement membrane and spread on it, they do not release their granule 
contents. Other investigators, however, have observed release and aggregation when 
platelets adhere to glomemlar basement membrane. (36, 37) 

Many detailed studies have been done in vitro of platelet adhesion to the subendothe- 
lium or to its constituents, particularly to collagen. These will be discussed in later 
sections. 



ADHESION TO DAMAGED NEOINTIMA IN VIVO 

The response of the blood to reinjury, that is, injury of the neointima that forms after 
de-endothelialization, differs in a number of ways from the response to exposed suben- 
. dothelium. In 1973, Stemerman observed that thrombi composed of both platelets and 
fibrin formed on the injured neointima of rabbit aortae.(18) These findings have been 
confirmed and extended, (38, 39) The neointima that forms 4 to 7 days after removal of 
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the endothelium is largely composed of smooth muscle cells, so that a second injury with 
a balloon catheter after this time damages these cells. It seems likely that tissue thrombo- 
plastin becomes available for the extrinsic pathway of coagulation and is responsible for 
the extensive formation of fibrin under these circumstances. The number of platelets that 
accumulate is similar to the number that adhere to the subendothelium after an initial 
injury (38); some of them are trapped in the fibrin meshwork, whereas others appear to be 
adherent as a single layer of platelets to connective tissue and noncellular, amorphous 
material in the injured vessel wall. (The term platelet accumulation is used to indicate that 
some of the platelets associated with the wall may be aggregated platelets trapped in fibrin 
rather than platelets actually adherent to the damaged wall.) The thrombi tend to be 
oriented in the direction of blood flow, and this is particulariy evident at vessel orifices 
where they are distributed in a pattern that curves toward the opening of the branch. In 
some areas leukocytes can also be observed on the surface, many of them in a zone distal 
to the orifices of small vessels. Some of the leukocytes are adherent to the platelets that 
are attached to the injured surface. As would be expected, administration of heparin 
inhibits platelet accumulation on the damaged neointima by about 50 percent and fewer 
platelet-fibrin thrombi are observed.(38) It seems likely that in the presence of heparin, 
only the adhesion of platelets to connective tissue occurs since this process is not depend- 
ent on blood coagulation. Heparin evidently inhibits platelet accumulation that is medi- 
ated by fibrin. These observations indicate that fibrin formation under the influence of 
thrombin, and platelet adhesion to polymerizing fibrin, may play a much larger part in the 
initiation and growth of thrombi on repeatedly injured vessels than has been apparent from 
studies of thrombosis on normal vessels subjected to removal of the endothelium. Indeed, 
at sites where hemodynamic forces would be expected to cause repeated vessel injury, 
fibrin has been observed in contact with the wall, with platelets and other formed elements 
of the blood adherent to it, in sections taken from otherwise normal experimental animals 
or from humans at autopsy (see Fig. 2, p. 241). (40) Injuries that damage tissue deep in the 
vessel wall cause the formation of thrombi that have fibrin at their point of attach- 
ment.(41) If some thrombi are formed largely under the influence of thrombin, it is 
apparent that anticoagulants would be more effective than drugs that inhibit platelet 
aggregation, in limiting thrombosis, and that the combination of an anticoagulant with a 
drug that inhibits platelet adhesion as well as aggregation would be most effective, 
providing the risk of hemorrhage is not increased unduly. 

The accumulation of platelets on the injured neointima is at its maximum within 60 
minutes after passage of the balloon catheter. (38) However, the loss of radioactive plate- 
lets that have become associated with the injured surface of the neointima occurs some- 
what more rapidly than their loss from the subendothelium, and by 24 hours, only about 
one third of the initial number are present. (38) By this time, very few thrombi can be 
: ?9S??^= Pn it s^icms likely lliat fibrinqlysis has a role iq their rempyal, 

5'Cr-labeled platelets were injected into rabbits at different times after the neointima 
was injured to examine the ability of the damaged surface to attract fresh platelets and 
continue to activate coagulation. Platelet accumulation was greatiy reduced one hour after 
injury, and by 4 days, only about 10 percent of the number of platelets accumulated, if the 
number of platelets that accumulated immediately after injury was taken as 100 per- 
cent.(38) Piepgras and colleagues have also observed that endarterectomy of the carotid 
arteries of cats exposes a surface that becomes nonthrombogenic in about 6 hours if the 
initial deposition of thrombi on the surface is inhibited. (42) 
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PLATELET ADHESION TO DISEASED ARTERIES 

Atherosclerotic lesions ftequently have thrombi associated with their surface,(43-45) 
and the formation of these thrombi must involve platelet adhesion, probably occurring 
after loss of the endothelium covering the plaque. Thrombi in coronary arteries are almost 
always associated with breaks in the vessel wall at atherosclerotic plaques. (46-51) Plate- 
let aggregates have frequently been described in direct contact with materials in athero- 
sclerotic lesions,(48, 52, 53) although the components of the lesions vary considerably. 
Lipid-rich plaques that contain cholesterol crystals are likely to promote platelet adhesion, 
since platelets have been shown to interact with cholesterol crystals. (54) In monkeys fed 
hypercholesterolemic diets, platelets have been observed adherent to macrophages in 
lesions on the surface of large arteries. (55) 

In general, our understanding of platelet adhesion to the contents of atherosclerotic 
plaques is limited. There have been very few experimental studies and most of the 
observations come from examination of post mortem material. 

PLATELET ADHESION IN VEINS 

Venous thrombi are similar to a blood clot in that they consist mainly of red blood 
cells trapped in a fibrin mesh. Usually they are not adherent to the vessel wall except, 
under some circumstances, at the point of initiation where a white head of aggregated 
platelets is demonstrable. (56, 57) This may occur in a valve pocket. Many venous 
thrombi are stasis thrombi that form because blood coagulation occurs. Stasis results in 
adhesion of polymorphonuclear leukocytes to the endothelium and their migration into the 
wall. However, these events do not necessarily cause obvious endothelial cell damage or 
loss, and platelet adherence does not occur when blood flow is restored.(58) Under 
circumstances in which there is extensive tissue damage, however, such as that resulting 
from hip surgery, injury to the vessel wall does play a major part in the initiation of 
venous thrombi. (59) Extensive adhesion of leukocytes to the walls of veins has been 
reported following surgery (60. 61); endothelial cells separate from each other and are lost 
at some sites. This can promote platelet adhesion and thrombus formation on the injured 
surface. 



MAINTENANCE OF THE INTEGRITY OF THE ENDOTHELIUM 

Platelets are necessary to maintain normal vessel wall integrity,(62, 63) It is well 
known tiiat in severe thrombocytopenia, the vascular walls become more penneable,(64) 
and easy bruising occurs as red cells escape from capillaries. (62) The eariy estimate that a 
turnover of 8000 to 12,000 platelets/^L/day was a critical number, below which sponta- 
neous bleeding is likely to occur readily, (65) has recently been confirmed by Hanson and 
co-workers,(66) who have calculated that 10 to 15 percent of the circulating platelets in 
normal subjects are randomly consumed in maintaining vascular integrity (7300 platelets/ 
jtiL/day). They point out that this platelet requirement produces predictably shortened 
platelet survival in the patients with aplastic thrombocytopenia whom they studied, and 
may contribute to shortened platelet survival in other thrombocytopenic states. It should 
be pointed out that shortened platelet survival is demonstrable in such patients only if the 
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studies are done at a low platelet count. (65) In order to maintain the endothelial lining it is 
apparent that platelets must adhere to the vessel wall, but practically nothing is known 
about this process. Electron micrographs illustrate that platelets interact with the vessel 
wall if there are gaps between endothelial cells. (67-70) The early suggestion that the 
endothelial cells actually engulf platelets (62) is no longer accepted. 



CONDITIONS THAT RESULT IN PLATELET ADHESION TO 
CULTURED ENDOTHELIAL CELL MONOLAYERS 

Although unstimulated platelets do not adhere to normal endothelium, nor to dam- 
aged endothelium in vivo,(26, 71, 72) they apparently can adhere to damaged or altered 
endothelium in culture,(73-75) Booyse and colleagues damaged endothelium cells in 
culture in various ways and observed that platelets did not interact with the daniaged cells 
per se, but rather with an extracellular matrix of microfilaments produced by the endothe- 
lial cells.(73) In the experiments of Curwen and coworkers,(74, 75) platelets were shown 
to adhere to virally transformed endothelial cells in culture. Although exogenous PGIj had 
a partial inhibitory effect on platelet adhesion to these endothelial cells, it did not depress 
platelet adhesion to the basal level observed with normal endothelial cells in culture. The 
investigators concluded that exposure to the vims altered the property of endothelial cells 
that prevents platelet adhesion. They also concluded that generation of PGI2 by the normal 
endothelium is not the key factor that prevents platelet adherence to the intact vessel wall- 
Other investigators have reached the opposite conclusion, although their results are 
open to alternative explanations. Czervionke and colleagues (76, 77) reported that ^'Cr- 
labeled platelets that were exposed to thrombin adhered as aggregates to cultured endothe- 
lial cells, providing PGIj production by these cells was blocked by aspirin. This 
thrombin-induced adhesion was inhibited by the addition of PGI2 (5 to 25 n^. Curwen 
and colleagues (74) have pointed out, however, that platelet adherence cannot be readily 
distinguished from platelet aggregation in such a test system, and PGI^ may have been 
preventing platelet aggregation or causing deaggregation rather than inhibiting platelet 
adhesion. An additional explanation for the observations of Czervionke and associates 
(76, 77) may be that thrombin also causes the release of platelet fibrinogen and converts it 
to fibrin, which has been shown to bind to both platelets (15) and endothelial cells,(78, 
79) and would form an adhesive bridge between them. Yet another possibility is that 
thrombin damaged the endothelium, as shown by Lough and Moore, (79) resulting in a 
surface to which platelets could adhere. 



INTERAtTION OF PLATELETS WITH CONSTITUENTS 
OF THE VESSEL WALL 

Platelets have been shown to adhere to collagen, basement membrane, microfibrils, 
damaged smooth muscle cells, and components of atherosclerotic plaques. Adherence to 
damaged endothelial cells and other injured cells such as fibroblasts is less well estab- 
lished. By far the greatest number of studies have been devoted to investigating the 
adhesion of platelets to collagen, with in vitro studies of the interactions of platelets with 
collagen outnumbering the in vivo studies. Much less is known about the reactions that 
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occur as a result of the adhesion of platelets to other constituents of the vessel wall. It 
seems likely that although platelets may initially contact only one constituent of the vessel 
wall, when they spread on the surface they may become adherent to several vessel wall 
constituents. 



INTERACTION OF PLATELETS WITH COLLAGEN, 
AND RELEASE OF GRANULE CONTENTS 

More than 20 years ago. Hughes,(80) Bounameaux.(8i) and Roskam (82) observed 
that vessel wall injury exposed subendothelial constituents that initiated platelet aggrega- 
tion. Kjaerheim and Hovig (83) demonstrated that platelets were adherent to collagen 
when mesenteric blood vessels were injured. Zucker and Borrelli (84) and Hovig (85) 
showed that connective tissue or tendons contained material that caused platelets to 
aggregate, and collagen was identified as a platelet aggregating agent. These observations 
were made shortly after Gaarder and coworkers (86) had shown that ADP is an aggregat- 
ing agent and Hovig. (87) Spaet and Cintron,(88) and Spaet and Zucker (89) went on to 
demonstrate that ADP was released from the platelets when they were stimulated with 
collagen. As a result of the experiments of Haslam (90) with enzyme systems that 
converted the released ADP to compounds that did not cause platelet aggregation, the 
concept arose that collagen and other aggregating agents such as thrombin caused aggre- 
gation because they induced the release of ADP from platelets. Although we now know 
that released ADP is not solely responsible for platelet aggregation induced by collagen 
because the aggregating agents formed from arachidonate also play a part, (9 1-97) the 
release of the contents of platelet granules when platelets adhere to collagen is an impor- 
tant aspect of this interaction. 

From electron micrographs of hemostatic plugs, thrombi, and platelets on the suben- 
dothelium, the degranulation of platelets adherent to collagen in vivo is well estab- 
lished. (10, 12, 32) In regions where blood flow conditions are such that the materials 
released from the granules of platelets adherent to an injury site can accumulate, released 
ADP and serotonin are thought to act synexgistically to contribute to platelet aggregation 
on the adherent platelets. Released ATP is converted to ADP by enzymes in plasma and 
thus increases the amount of ADP that accumulates. 

In addition to the aggregating agents released from the amine storage granules of 
platelets adherent to collagen, several proteins are released from the a-granules. Recently, 
some evidence has accumulated that release of a-granule contents occurs more 
readily than the release of the contents of the dense granules. (98- 1(K)) The materials in the 
a-granules include platelet factor 4, B-thromboglobulin, fibrinogen, fibronectin, throm- 
bosppndin, . vqa Willebmnd Factor, ^Ibuniin, Factor V,. antiplasm 
macroglobuUn, the platelet-derived growth factor that is mitogenic for smooth muscle 
cells, cationic proteins that increase vessel wall permeability, bactericidal factor, chemo- 
tactic factor, proteoglycans, and other proteins. (101, 102) Some of these, notably von 
Willebrand Factor, thrombospondin, and fibronectin, may be bound to the membrane of 
platelets that have undergone the release reaction, and these proteins have been implicated 
in platelet adhesion, particularly to collagen and microfibrillar material. (34, 103-1 1 1) In 
contrast, fibrinogen is required for platelet aggregation and binds to platelets on which the 
complex of glycoproteins lib and Ilia have formed a receptor as a result of exposure of the 
platelets to aggregating agents. (1 12- II 9) It should be pointed out, however, that seem- 
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ingly adequate concentrations of von Willebrand's Factor, fibrinogen, and fibronectin 
exist in plasma to take part in adhesion and aggregation, and unless local high concentra- 
tions at the point of release from platelets are required to enhance these processes, it is 
difficult to understand how release of these proteins from platelets could be crucial. 
Thrombospondin has been identified as the lectin-like material from platelets that binds to 
the surface of platelets that have released their granule contents, and interacts with 
fibrinogen. (108, 109) It may have a role in platelet aggregation, particularly aggregation 
that is caused by release- inducing agents, and is not readily reversible, and possibly has a 
role in platelet adhesion. No role has been suggested for released 6-thromboglobulin, but 
because this protein seems to be unique to platelets, its appearance in plasma is taken as an 
indication that platelets have released granule contents. (120) Platelet factor 4, also called 
antiheparin factor interferes with the inhibition of thrombin caused by the antithrombin m 
complex with heparin. How it functions in the absence of heparin is unclear. Abnormally 
high concentrations in plasma occur when platelets have undergone the release reaction, 
but since platelet factor 4 becomes associated with the endothelial surface and is freed by 
heparin,(120) its concentration in plasma in vivo is less useful as an indicator of the extent 
of release of platelet granule contents than is the concentration of 6-thromboglobulin. 
Immunofluorescent studies have shown that, at a site where platelets adhere to exposed 
subendothelium, platelet factor 4 penetrates the outer layers of the vessel walL(121) The 
other proteins released from adherent platelets undoubtedly also enter the injured walL 

The platelet-derived growth factor released from platelets adherent to an injured 
vessel wall stimulates the migration and proliferation of smooth muscle cells in the intima, 
and thus contributes to vessel wall thickening and the development of atherosclerotic 
lesions. (122, 123) If experimental animals are kept thrombocytopenic during repeated 
vessel wall injury, the lesions do not develop, indicating that platelet-derived growth 
factor is essential for the stimulation of smooth muscle cell proliferation under these 
experimental conditions. (124. 125) 

Factor V that is released from adherent platelets may become associated with their 
surface, although in this case also, seemingly adequate concentrations are present in 
plasma. Activated Factor V on the platelet surface serves as the receptor for Factor Xa, 
and thus takes part in the prothrombinase complex that catalyses the conversion of 
prothrombin to thrombin. (126. 127) 

Platelets that adhere to collagen may also release the contents of some of their 
lysosomal granules. Legrand and colleagues have shown that when platelets are incubated 
with collagen they convert their proelastase to elastase, which appears in the medium 
surrounding the platelets. (29) When this enzyme enters the injured wall to which platelets 
are adherent, it may lyse elastin. The proteolytic enzyme in platelets that exerts a limited 
hydrolytic effect on proelastase was not characterized in their study. 

Formation of Aggregating Agents from Arachidonate 

In the 1970s, several groups of investigators showed that when platelets interact with 
release-inducing agents, including collagen, the platelets form short-lived aggregating 
agents that affect other platelets in the vicinity. (9 1-94) These active substances were 
identified as the prostaglandin endoperoxides, and H2 (PGG^, PGH2), and their prod- 
uct, thromboxane Aj. Thromboxane A2 has an in vitro half-life of approximately 30 
seconds in plasma at 37°C, and the half-lives of PGG, and PGHj are similarly short. (128, 
129) They are formed from platelet arachidonate that is freed from platelet phospholipids 



220 



Packham and Mustard 



under the influence of phospholipases. It is not known how the process of platelet adhe- 
sion to collagen or to other surfaces, activates phospholipase, nor is it clear whether 
phospholipase A2 or phospholipase C followed by diglyceride lipase is primarily responsi- 
ble for freeing arachidonate.(130-132) The phospholipids from which arachidonate is 
hydrolyzed are mainly phosphatidyl inositol and phosphatidyl choline. The reactions 
involved in the conversion of arachidonate to thromboxane A2 have been thoroughly 
described by several groups of investigators. (128, 129. 133) The enzymes responsible for 
the reactions are cyclo-oxygenase, which converts arachidonate to PGGj, and thrombox- 
ane synthetase, which converts PGH2 to TXAj. 

Because cyclo-oxygenase is inhibited by nonsteroidal antiinflammatory drugs such as 
aspirin, indomethacin, ibuprofen, and many others, these drugs prevent the formation of 
the prostaglandin endoperoxides PGG2 and PGHj, and thromboxane A2, and thus inhibit 
collagen-induced platelet aggregation. Most investigators have found, however, that these 
drugs do not inhibit platelet adhesion to collagen or to other subendothelial compo- 
nents,(94, 134-138) nor do they inhibit the release of granule contents from platelets that 
adhere to collagen, (97) The failure of aspirin to inhibit release from adherent platelets has 
been shown morphometrically by in vivo experiments by Weiss and colleagues, (135) who 
described degranulated platelets adherent to collagen in sections taken from animals given 
sufficient aspirin to inhibit thromboxane Aj formation and prevent collagen-induced 
aggregation, tested in vitro in citrated platelet-rich plasma. Further evidence for the 
conclusion that the formation of active compounds from arachidonate is not required for 
platelet adhesion to collagen or the release of granule contents from the adherent platelets 
comes from the experiments of Kinlough-Rathbone and coworkers,(97) and Cazenave and 
colleagues, (137) In these studies, platelets doubly-labeled with ^'Cr (a cytoplasmic label) 
and '^-serotonin (a label for the amine storage granule contents, which is rapidly taken 
up and sequestered in these granules) were used to quantify platelet adhesion and the 
extent of release of '*C-serotonin from the adherent platelets. Since ^'Cr is not lost from 
the cytoplasm when platelets adhere, because they do not lyse, this label indicates the 
number of adherent platelets. When '*C-serotonin is released, the ratio of ^'Cr to 
increases in the adherent platelets, and the extent of release can be calculated. In vitro 
experiments showed that aspirin did not affect the number of platelets that adhered nor did 
it decrease the release of '*C-serotonin from the platelets adherent to collagen or to the 
subendothelium.(97) Results obtained by Cazenave and colleagues (137) demonstrated 
that other nonsteroidal antiinflammatory dnigs also did not lessen adhesion or decrease the 
release of granule contents from adherent platelets, with the exception of indomethacin 
and high concentrations of suljSnpyrazone, which had small inhibitory effects on platelet 
adhesion. All these experiments with doubly-labeled platelets were done under conditions 
in which platelet aggregates were not present on the surfaces so that only platelets that 
were directly adherent to collagen or the subendothelium were examined T in the experi- 
ments of Legrand and associates, (139) aspirin did not affect platelet adhesion to collagen, 
but it did diminish the release of serotonin from the platelets, although this effect of 
aspirin may have been on platelets that were not adherent to collagen. Other studies of the 
effects of nonsteroidal antiinflammatory drugs on platelet adhesion are discussed under 
Inhibitors of Platelet Adhesion, 

It must be emphasized that the situation in an aggregometer cuvette when collagen is 
added to citrated platelet-rich plasma or to a suspension of platelets in artificial media is 
quite different from the situation in the adherence experiments described above. In an 
aggregometer cuvette, a relatively small proportion of the platelets actually adhere to 
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collagen. By far, the majority of them do not contact collagen and aie induced to aggre- 
gate by the synergistic effect of thromboxane formed by the adherent platelets, and the 
ADP and serotonin released from them. Nonadherent platelets stimulated by thromboxane 
A2 also release granule contents and form more thromboxane Aj, amplifying the reaction. 
When aggregation is due to a synergistic effect of ADP and thromboxane A^, aggregation 
can be largely prevented either by inhibiting the action of cyclo-oxygenase with nonste- 
roidal antiinflammatory drugs, or by removing ADP rapidly with an enzyme system such 
as creatine phosphate-creatine phosphokinase, which converts ADP to ATP (140) Since 
neither ADP nor TXA^ is a strong agonist, release of the contents of the amine storage 
granules rarely exceeds 50 to 60 percent, even when maximum aggregation occurs in an 
aggregometer cuvette. In contrast, a strong agonist such as dirombin can cause more than 
90 percent release. Less than maximal release in response to collagen in an aggregometer 
cuvette is in accord with the principle pointed out by Huang and Detwiler (141) that a 
combination of agonists that act synergistically does not cause a greater response than the 
response evoked by a high concentration of the stronger of the two agonists. 

If a veiy large amount of collagen is added, so that nearly all the platelets can adhere 
to it, massive aggregation occurs and release of granule contents to the extent of more than 
80 percent takes place.(97) This represents release from the platelets that are actually 
adherent to the collagen, rather than release caused by thromboxane A2. If a large amount 
of collagen is added to platelets in which cyclo-oxygenase has been inhibited, in an 
aggregometer cuvette, a gradual increase in light transmission occurs as the platelets 
adhere to collagen and, although the platelets do not aggregate, release of granule contents 
can be demonstrated. (97) 

Although there are contradictory reports in the literature, (142) the most convincing 
studies indicate that ADP is not required for the adherence of platelets to collagen or to the 
subendothelium.(143, 144) Enzyme systems, such as creatine phosphate-creatine phos- 
phokinase, which rapidly converts released ADP to ATP (an inhibitor of ADP-induced 
platelet aggregation), do not inhibit the adhesion of platelets to collagen or the suben- 
dothelium.(143, 144) Such an enzyme system does inhibit platelet aggregation on the 
adherent platelets. It seems likely that in studies in which removal of ADP has been 
reported to inhibit platelet adhesion, both adhesion and aggregation were occurring. 
Conversely, the demonstration of enhancement of platelet adhesion by the addition of 
ADP undoubtedly represents ADP-induced aggregation on the adherent platelets. Inhibi- 
tion of platelet adhesion to collagen by pretreatment of the platelets with ADP has been 
reported.(145) 

The ability of nonsteroidal antiinflammatory drugs to inhibit collagen-induced aggre- 
gation was recognized a number of years before the involvement of arachidonate was 
suspected and the enzyme that these drugs affected was shown to be cyclo-oxygenase. In 
,coritrast,^^m^ pfxhe drug? that inhibit thrombpx^e synthetase a^^ forma- 
tion from PGH2 were developed after the arachidonate pathway and the action of throm- 
boxane synthetase were understood. (146) The majority of these drugs are derivatives or 
analogs of imidazole. Although they prevent thromboxane A2 formation, they do not 
affect the formation of PGG^ or PGH2, which have also been identified as aggregating 
agents. (92, 93, 128, 147) Few studies of the effects of thromboxane synthetase inhibitors 
on platelet adhesion have been reported. Menys and Davies (148) have obtained data 
indicating that dazdxiben does not affect plaftelet accumulation on collagen-coated glass, 
but does inhibit platelet accumulation on damaged rabbit aorta, tested in vitro with ^'Cr- 
labeled rabbit platelets and a rotating probe. 
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Several investigators have used radioimmunoassays of thromboxane Bj, the relatively 
stable product formed from thromboxane A2, as an indicator of platelet activation in vivo 
and in vitro. Although this is justifiable in vitro, the in vivo situation may be complicated 
by the fact diat cells other than platelets (e.g., macrophages) produce thromboxanes (149) 
and thromboxane is cleared from the circulation so its concentration may not reflect 
episodic platelet activation. It should be emphasized that all the release-inducing agents 
that stimulate platelets activate the arachidonate pathway so that the demonstration of a 
high concentration of thromboxane B2 in plasma gives no information about the agent that 
stimulated the cells to form it. It is certainly inappropriate to conclude that TXB2 has been 
formed only by platelets adherent to an injury site, although if platelets have adhered they 
will contribute to the amount of TXBj in plasma. 

Role of Platelet Ca^^ 

There appears to be a close relationship between activation of the arachidonate 
pathway and activation of the release of platelet granule contents. Aggregating agents 
such as ADP, which do not cause the release of granule contents in a medium with a 
physiologic concentration of Ca^^, do not cause the formation of thromboxane Aj. All of 
the release-inducing agents also activate the arachidonate pathway. It may be that a 
common reaction such as mobilization of internal platelet Ca^* activates both processes. 
Many investigations have indicated that shape change, aggregation, and release of granule 
contents depend on an increase in the concentration of Ca^^ in the platelet cytosol from 
between 0.01-0.1 fiM to between 1-10 pMy in most cases by mobilization of Ca^* from 
sites of sequestration within the platelet.(150-160) These sites have not been determined, 
although suggestions include the dense tubular system (159, 161, 162) and the open 
canalicular system. (163) With the advent of the reagent "quin-2," it has become possible 
to deteimine the concentration of Ca^"^ in platelets and the changes that occur when 
platelets are stimulated. (160) Although most aggregating agents cause an increase in the 
concentration of Ca^'^ in the cytosol, Sanchez and Rink (164) have reported that collagen 
stimulates platelets without raising cytoplasmic Ca^"*^. This observation is difficult to 
interpret, however, because platelets exposed to collagen release ADP, which does cause 
an increase in the concentration of cytosolic Ca^+, according to Sanchez and co- 
workers. (165) 

Stimulation of platelets with coUageiv appears to activate Ca^+ -dependent protein 
kinases in platelets, resulting in selective phosphorylation of specific proteins of mol wt 
40,000 (P40) and 20,000 (P20).(156, 166) Phosphorylation correlates quantitatively with 
the extent of release of the contents of the amine storage granules, both of which occur 
even if aggregation is blocked by chelation of external Ca^"^ with EDTA. One of the 
phosphorylated proteins, P20, is though to be the light chain of platelet myosin; phospho- 
rylation of myosin light chain is necessary for actin-induced activation of myosin ATPase 
activity. (167) A calmodulin-dependent protein kinase is thought to be responsible for this 
reaction.(168) Phosphorylation and dephosphorylation of this myosin subunit are consid- 
ered to regulate die contractile functions of platelets that are mediated by actin-myosin 
interaictions and are activated when platelets adhere to collagen or are stimulated by other 
aggregating agents. Since PGE,, which raises the concentration of cyclic AMP in platelets 
and thus causes the sequestration of cytosolic Ca2*,(169) decreased the collagen-induced 
phosphorylation of these proteins, it seems likely that the effect of collagen on the 
phosphorylation of these proteins is mediated by an increase in cytosolic Ca^"", 
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It has been suggested that protein kinase C may be responsible for the phosphoryl- 
ation of the 40K protein. (170, 171) This protein kinase is activated by diacylglycerol 
produced from phosphatidyl inositol, phosphatidylinositol 4-phosphate, or phosphatidyl- 
inositol 4,5-bisphosphate, and activation requires Ca^* and phospholipid. However, it is 
active at physiologically low concentrations of Ca^*, Collagen causes the formation of 
diacylglycerol and the phosphorylation of this 40K protein. Michell (171) has suggested 
that there is an intracellular synergism between the effects of elevated cytosolic Ca^* and 
of activated protein kinase C in platelets. 

Activation of the PI Cycle 

Another effect of collagen on platelets is activation of the phosphatidylinositol (PI) 
cycle in a manner that appears to be similar to its activation by thrombin. (172) This cycle 
is initiated by the action of phospholipase C, which causes the formation of inositol 
phosphates and 1,2-diacylglycerol from phosphatidylinositols.(130, 173-175) 
Diglyceride and monoglyceiide lipases can free arachidonic acid from 1,2-diacylglycerol 
and it has been suggested that these reactions are important in freeing this precursor of 
thromboxane A2.(131, 176, 177) If platelets are suspended in media that simulate physio- 
logic conditions, however, little arachidonic acid is freed by this enzymatic pathway.(176, 
178) Another proposal concerning this pathway is that 1,2-diacylglycerol may stimulate 
the Ca^^-activated, phospholipid-dependent protein kinase that catalyses protein phospho- 
rylation and results in the contractile reactions of stimulated platelets. (179) This is Ca^+ 
independent and phospholipase C is thought by some to not require Ca^*, 

How platelet adhesion to collagen stimulates a phospholipase, be it phospholipase C 
or phospholipase Aj, is not known. One of the consequences, however, is the fineeing of 
arachidonic acid. To date, nearly all studies have been concentrated on the conversion of 
arachidonic acid to prostaglandins and thromboxane A2 under the influence of cyclo- 
oxygenase and subsequently, thromboxane synthetase. Only recently has interest quick- 
ened in the effects of products formed from arachidonate if it is acted upon by 
lipoxygenase instead of cyclo-oxygenase in platelets. One of the products of the lipoxy- 
genase pathway, 12-L-hydroxy-5,8,10,14-eicosatetraenoic acid (12-HETE), is currently 
receiving attention because of the suggestion that it may promote platelet adhesion to 
collagen. (180) This theory is based on experiments comparing the effect of aspirin, which 
inhibits cyclo-oxygenase, with that of salicylate, which inhibits the formation of 12- 
HETE from 12-L-hydroperoxy-5,8,10,14-eicosatetraenoic acid (12-HPETE). Further 
testing of this hypothesis by other approaches is necessary before it can be accepted. 

Mf CHANIS^^ OF PLATELET ADHESION TO COLLAGEN 

How platelets adhere to collagen is not established, although many studies have been 
done and several different theories have been advanced. Neither a receptor (if such exists) 
on the platelet membrane nor the components of the collagen fibers that take part in 
adhesion have been definitely identified. 

Morphologic examination by electron microscopy of platelets adherent to collagen in 
hemostatic plugs and thrombi has shown that the distance between the surface membrane 
of the platelets and the collagen fibers is less than that between the surface membranes of 
aggregated platelets.(181, 182) A regular pattern of breaks in the membrane of adherent 
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platelets has been observed, matching the cross-striations of the collagen fibers.(70, 182, 
183) In hemostatic plugs, platelets that are adherent to collagen are swollen and degxanu- 
lated. In contrast, when adhesion to the subendothelium is complete, both transmission 
and scanning electron micrographs show that the platelets are flattened and spread on the 
surface, in addition to being degranulated (Fig. 1). (2, 5, 32) 



STRUCTURE OF COLLAGEN AND PLATELET AGGREGATION 

Collagen is composed of three helical polypeptide chains of equal molecular weight, 
called of-chains, linked by hydrogen bonds and intramolecular covalent crosslinks into a 
triple-stranded, coiled helix that is referred to as monomeric collagen or tropocoUa- 
gen.(184-186) It has a mol wt of about 300,000.(187) Upon being wanned to 25<:, 
tropocollagen gradually polymerizes into soluble, microfibrillar collagen by intermolecu- 
lar crbsslinking. Further heating to 37'*C results in the formation of larger fibrils (macrofi- 
brils) that are insoluble.(187) The fibrils have also been described as "multimers," and the 
process of their formation as multimerization .(188) The term quaternary structure is also 
used,(187, 189) 

At least five distinct types of collagen have been recognized, differing in amino acid 
composition and sequence, and in carbohydrate content-(186, 189, 190) Four of these 
types are found in vascular tissue (Table I). The al chains in the various types of collagen 
differ from each other and are designated by the roman numerals assigned to the types of 
collagen. Type I collagen has two identical a 1(1) chains in a triple helical conformation 
with one a2 chain (al(I))2a2(I). Type n collagen is composed of three identical al(TT) 
chains, (al(II))3. Type III collagen has three identical al(III) chains (al(III))3. Type IV 
collagen may also have three identical chains (aKJW))^ (189); although other investigators 
list its chain composition as "unknown,"(l91) the most recent evidence indicates that it 
contains two genetically distinct a(IV) chains, (al(IV) and a2(IV)).(186) Type V colla- 
gen contains a-chains that have been designated as A and B chains.(192, 193) The a- 
chains of types I, II, m, and V usually contain glycine in every third position, whereas 
type IV collagen has other seiquences as well. (191) 

Most studies of platelet aggregation have been done with type I collagen ftom tendon 
or skin. Soluble collagen has been prepared in neutral salt solution (188) or as acid soluble 
collagen (194) for studies of platelet adhesion and aggregation. Soluble monomeric colla- 
gen (tropocollagen) does not cause platelet aggregation,(188, 195) and tropocollagen does 
not bind to platelets to a measurable extent.(196, 197) The observation that monomeric 
collagen does not inhibit aggregation induced by chemically identical fibrillar collagen 
indicates that monomeric collagen may have a lower affinity for the platelet surface. (190) 



Fig. 1. Electron micrographs of a hemostatic plug in a severed mesenteric vessel of a nomial dog. 
The site from which the section was taken for examination is illustrated in the diagram of the plug in 
the upper right-hand comer of each picture, (A) At the periphery of the plug there are swollen 
platelet pseudopodia in contact with each other and with degranulated platelets- Interspersed among 
these platelets are dark patches of fibrin, many of them closely adherent to the surfaces of platelets. 
The large solid dark cells are red blood cells (magnification x 10,500). (B) At the point where the 
plug is in contact with the connective tissue around the vessel, the platelets are degranulated and 
swollen. The platelets are adherent to collagen fibere (magnification x 31,400) (from Mustard JF, 
Packham MA: Normal and abnormal haemostasis. Br Med Bull 33: 187, 1977 with permission). 
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Table 1 

Types of Collagen in Vascular Tissue 



Type of 
Collagen 


Types of Chains 


Location* 


Ability to Induce 
Platelet Adhesion 


Type I 


(al(D2a2(I) 


adventitia, media, subendothelium 


yes 


Type m 




media, subendothelium, adventitia 


yes 


Type IV 




basement membrane 


controversial 




oral (IV) and a2(IV) 






TypeV 


(al(V)2a2(V) 


media, subendothelium, adventitia 


controversial 



Data from Weiss and Ayad (186); Barnes et al. (207); Rhodes (202) 
* In decreasing order of abundance. 



In contrast to the lack of effect of tropocollagen, multimers do bind strongly with a 
dissociation constant of less than 10 nA/,(197) Muggli and Baumgartner (188) found a 
correlation between the development of a collagen structure capable of causing platelet 
aggregation, and the process of fibril precipitation, Simons and coworkers (198) observed 
that preformed collagen multimers were required for platelet aggregation. Kronick and 
Jimenez (197) also concluded that platelet-stimulating activity is not found in collagen 
solutions that are undergoing fibrillogenesis until well developed banded fibrils appear, 
but this can occur before the solution becomes visibly turbid. Some authors use the term 
"quaternary structure" to describe these fibrils that are reactive with platelets. (189, 199) 
However, Muggli (200) reported that the native quaternary structure is not necessary for 
platelet aggregation; he found that platelet aggregation could be induced by collagen 
fibrils with different quaternary structures. There is no doubt that much of the confusion 
and many of the apparent contradictions in the literature have arisen from the use of 
soluble collagen preparation in which fibril formation had occurred only partially, or was 
retarded by prior modifications of tropocollagen or by the conditions under which the 
collagen was incubated during fibril formation. (188, 195) Thus many of the reported 
observations are artefacts of in vitro experiments in which soluble collagen preparations 
were made for the purpose of purification, but steps were not taken to ensure that the 
collagen had regained its native state before its reactivity toward platelets was determined- 
Vessel walls contain collagen of types I, IE, IV, and V (Table 1).(192, 201) Type I is 
present mainly in the adventitia,(184) although smaller amounts are found in die media 
and subendothelium. (202) Types III and IV are preserit in the subendothelium; types IV 
and V are the collagen of the basement membrane. The initial belief that type HI collagen 
is more reactive with platelets than type I collagen (203. 204) has been questioned because 
some of the differences have been shown to have been caused by variations in the rates of 
formation of fibrillar collagen in vitro.(190, 197, 205, 206) As noted earlier, monomeric 

fibrils before platelets wili adhere.(188, 195) Gordon (205) has pointed out that although 
type III collagen appears to be more reactive with platelets than type I collagen when they 
are added to platelets in the monomeric form, (204) the difference practically disappears if 
; preformed collagen fibrils are added, (207) The diameter of the fibrils also affects the 
amount of collagen required to cause platelet aggregation because it is surface area, rather 
than weight, that determines the extent of interaction with platelets. 

Most investigators agree that type IV collagen, which is a component of basement 
membrane, does not cause platelet aggregation or the release of the contents of platelet 
granules, (192, 193, 208) Huang and Benditt (35, 209) have observed that platelets do not 



Platelet Adhesion 227 

adhere to the basal lamina after partial cleavage of its noncoUagenous component by 
treatment with pepsin. They conclude that platelets do not adhere to collagen in the basal 
lamina, but rather, to the noncoUagenous components of it, although this adhesion is not 
accompanied by loss of platelet granule contents. It seems likely that the primary stmcture 
of the chains of type IV collagen in basement membrane prevents the formation of fibrils 
with the highly ordered quaternary structure that characterizes the other types of colla- 
gen. (192) By electron microscopy, basement membrane collagen can be shown to lack 
any periodicity similar to the 67 nm banding that is characteristic of other coUagens. 
Although type IV collagen has been reported by some investigators to interact weakly 
with platelets,(36, 201) other authors have questioned these findings and suggested that 
the type IV collagen preparations used may have been contaminated with type III collagen 
(35, 189, 209) see section on Basement Membrane. 

Chemical Modifications of Collagen 

A number of early experimerits were done in which various prosthetic groups on 
collagen were chemically modified in attempts to determine those that are involved in 
platelet adhesion. For example, Wilner and coworkers (210) showed that acetylation of 
free carboxyl groups by treatment with methanol had little effect on the interaction 
between platelets and collagen, whereas blocking the epsilon-amino groups of lysine in 
collagen diminished its ability to cause platelet aggregation (and presumably its ability to 
adhere to platelets). Acetylation of the N and O groups of collagen by treatment with 
glacial acetic acid and acetic anhydride resulted in loss of the ability of collagen to cause 
platelet aggregation; this has been confirmed by Chesney and colleagues (21 1) for both 
soluble and fibrillar collagen. The situation became less clear, however, when Wilner and 
colleagues (212) went on to show that replacing the epsilon-amino groups with nega- 
tively-charged succinyl groups did not affect the ability of collagen to aggregate platelets, 
whereas esterification of the succinylated collagen strongly inhibited its ability to cause 
platelet aggregation. These observations led to the development of a theory that collagen 
must have rigidly spaced polar sites in order to interact with platelets, and that these sites 
may be either positively or negatively charged. The results with succinylated collagen 
have been questioned by Chesney and coworkers,(21 1) who found that succinylation of 
collagen completely abolished its ability to cause platelet aggregation, although the fibril- 
lar structure was maintained. They pointed out that Nossel and colleagues did report about 
75 percent inhibition of platelet aggregation in one of their studies in which they used 
succinylated collagen. (2 13) although later they reported no effect of succinylation. (2 12) 
They did find, however, that blocking the e-amino groups of lysine with 2,4,6-trinitroben- 
zene sulfonic acid inhibited platelet adhesion to collagen as well as collagen-induced 
.platelet jgg^eg^^^ and . co^yprke^s . (21 l)..alsQ obtained. .contradictory 

results to those of Wilner and associates (210) regarding the effect of esterification of the 
carboxyl groups of collagen; Chesney and colleagues observed enhanced aggregation 
whereas Wilner and associates reported that acetylation of the froe carboxyl groups did 
not significantly affect the platelet aggregating activity of collagen. In agreement with the 
early work of Wilner and associates, (2 10) however, Chesney and coworkers (211) con- 
cluded that e-amino groups of lysine are of major importance in the interaction of platelets 
with collagen. This is in accord with the formation of bridges between platelets and 
collagen at the dense bands of collagen, which are thought to represent the polar regions 
of collagen molecules, (23) 
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In the experiments of Chesney and colleagues, (2 II) care was taken to determine 
whether the collagen was in the fibrillar of soluble form, and both types were modified 
and tested. Although some eariier studies may be criticized on the basis that modification 
of the side chains of the amino acid residues of collagen may have affected the formation 
of fibrils, rather than the interaction with platelets,(188, 205, 214) these objections are not 
relevant to the work of Chesney and associates.(21 1) 

As pointed out by Santoro and Cunningham,(190) the modifications of collagen that 
have die greatest inhibitory effect on platelet adhesion are the modifications that reduce 
the positive charge on collagen. Although this might be expected because of the net 
negative charge on the surface of platelets, adhesion probably does not occur solely on the 
basis of charge, since red blood cells, which also have a net negative charge, do not 
adhere to collagen. 

Role of Carbohydrate Side Chains of Collagen 

The collagen glycosyltransferase theoiy of platelet adhesion that originally attracted a 
great deal of interest, is now known to be unacceptable. This theory was originally 
proposed by Jamieson and colleagues (215); it held that a glycosyltransferase on the 
platelet surface formed an enzyme-substrate complex with incomplete collagen-sac- 
charide chains, since as many of 60 percent may be incomplete galactosy 1-hydroxy ly- 
sine. (187) This would normally be the first step in the transfer of glucose from uridine 
disphosphate glucose to galactose, although the completion of the reaction was not neces- 
sary for the theory. (2 16) Evidence against this theory includes the demonstration that 
collagens that lack galactosylhydroxylysine, or in which the carbohydrate has been 
altered, cause platelet adherence and aggregation.(184. 206, 217) Jamieson and cowork- 
ers (215) used the findings that glucosamine inhibited platelet adhesion to collagen, and 
inhibited coUagen-glucosyl transferase activity in an assay using soluble collagen, as 
support for their theory. Legrand and colleagues, however, have shown that glucosamine 
inhibits the in vitro polymerization of soluble collagen, but has no direct effect on the 
interaction of platelets with collagen. (2 18) In keeping with their observations are the 
findings of Brass and Bensusan (199) that glucosamine does not affect platelet aggregation 
by collagen that is already in the fibrillar form. Glucosamine does not inhibit the adher- 
ence of platelets to a surface coated with fibrillar collagen. (2 19) The finding that treat- 
ment of collagen with galactose oxidase inhibits platelet adhesion to collagen (220) was 
originally used to support the theoiy, but the observation of Muggli and Baumgartner 
(188) and Harper and coworkers (221) that galactose oxidase delays polymerization of 
collagen would account for the effect of this enzyme. Further evidence against the colla- 
gen glucosyl-transferase theory came from the results of Menashi and coworkers, (222) 
whP: show&d, that.synt^^^ 

of the platelet enzyme when denatured collagen was used as substrate, whereas no 
synthesis occurred with native collagen. They concluded that adhesion of platelets to 
native collagen in vessel walls was unlikely to be mediated by collagen glucosyltrans- 
ferase. Furthermore, they pointed out that the fact that the enzyme can be found not only 
on the membrane of platelets, but also in the cytosol and in high amounts in freshly 
prepared platelet-free plasma "casts further doubts" on its role in platelet-collagen adhe- 
sion. One would think that the collagen-glucosyltransferase theory would have been laid 
to rest several years ago, but is is still mentioned occasionally as if it were an acceptable 
theory. 

According to several investigators, the sites on collagen required for interaction with 
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platelets do not appear to involve the carbohydrate portion of collagen, (206, 21 1, 217) 
Santoro and Cunningham (206) showed that the ability of types I. II, and III collagen to 
induce platelet aggregation does not correlate with their carbohydrate content, which 
differs widely. These investigators also showed that collagen that had been modified by 
periodate oxidation of its carbohydrate side chains, as well as the oxidized material that 
was subsequently reduced with sodium borohydride, were fully effective in inducing 
platelet aggregation. 

It is of interest, however, that glycosylated collagen obtained from rats made diabetic 
with streptozotocin, or by nonenzymatic glycosylation of type I collagen from rats, is a 
more potent platelet aggregating agent than collagen from normal rats.(223) The amounts 
of bound glucose were 3 to 4 times greater in the glycosylated coUagens and the condi- 
tions used lead to identical fibrillar structures of the collagens. Reactivity of platelets from 
diabetics to glass bead columns is also enhanced. (224) These observations lead to the 
suggestion that glycosylated collagen in the vessel wall may promote platelet interactions 
at sites of vessel injury to a greater extent than normal collagen does, and that this may 
play a part in the thrombotic complications of diabetes. 

Telopeptide Regions of Collagen 

There appear to have been no detailed studies of a possible role of the telopeptide 
regions of collagen in platelet adhesion, although they have been studied in relation to 
platelet aggregation and release. The telopeptide regions at both ends of the collagen 
molecule lack the typical polyproline structure that is involved in the formation of the 
triple helix. The telopeptides can be removed by treatment with pepsin, trypsin, or 
elastase, but this does not block the ability of collagen to cause platelet aggregation, 
providing fibrils form.(206, 210, 220, 225-227) Again, some of the contradictory results 
in the literature (227) may have arisen from experiments in which telopeptides were 
removed from soluble or monomeric collagen, but fibril formation from this modified 
collagen did not occur normally. Removal of telopepudes from monomeric collagen does 
interfere with its ability to form fibrils in plasma. (227) 

Treatment of Collagen with Coiiagenase 

It is to be expected that treatment of collagen with coiiagenase would destroy its 
ability to interact with platelets, and a number of investigators have demonstrated 
this.(28, 84, 210, 226) Baumgartner's group have used coiiagenase in a number of their 
studies of the interaction of platelets with the noncollagenous components of the suben- 
dothelium (32, 33) and others have also adopted this approach. (36, 228) When Chesney 
and associates (28) demonstrated that platelets contain a coiiagenase that can destroy the 
platelet-aggregating activity of collagen, they suggested that this enzyme may function as 
a negative feedback mechanism limiting thrombus formation. It is tempting to speculate 
that it may also be involved in the eventual loss of platelets from the surfaces of damaged 
vessels to which they have adhered and that the surface is altered by the degradation of 
collagen so that the surface becomes less thrombogenic. 

Peptide Fragments of Collagen and 
Collagen-like Peptides 

Several groups of investigators are studying fragments of collagen and other polypep- 
tides to determine the parts of the collagen molecule involved in its adhesion to platelets. 
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Poly-L-hydroxproline has been shown to bind to platelets and to inhibit platelet 
adhesion to collagen. (145, 229) It has been suggested that the proline and hydroxyproline 
recognition sites on the platelet surface may not be used in adhesion to other surfaces. 

The findings of Chiang, Beachey, Kang, and their coworkers are difficult to inter- 
pret. (230-233) They have reported that monomeric, purified all) chains of denatured 
chick skin collagen, and also a fragment from them [al-CB5, a glycopeptide containing 
36 amino acids and one residue of Glc-Gal-Lys(OH)], bind to platelets and cause platelet 
aggregation and the release of platelet granule contents. These findings are difficult to 
reconcile with the well established requirement for fibril formation for platelet-aggregat- 
ing activity. Michaeli and Orloff (201) have suggested that some of the a-chains may have 
renatured before their effect on platelets was tested. Also puzzling are the observations of 
Beachey's group that of-chains of collagen from the skin of other species (rat, cow) or 
from other organs did not haye the same effect as a-chains from chick skin, despite the 
close similarity in amino acid composition . ( 1 89) 

In an extension of this work, Chiang and Kang (234) have reported the solubilization, 
purification by affinity chromatography, and characterization of a receptor on the platelet 
membrane for this orl -chain. It is a protein of apparent mol wt of 65,000. 

Legrand and coworkers (235) have reviewed their own findings concerning cyanogen 
bromide fragments of type I collagen from calf skin. (236, 237) They have localized the 
site of adhesion to platelets on the G-terminal al(I)CB6 peptide (216 amino acids) of type 
I collagen. 

Fauvel and colleagues, working with Legrand, have published more detailed studies 
of the adhesion site on type III collagen.(235, 238-240) They first isolated a central 
al(III) CB4 peptide of 149 amino acids by cyanogen bromide cleavage. This peptide was 
further degraded by treatment with chymotiypsin, hydroxylamine, and trypsin, and a 
nonapeptide (Gly-Lys-Hyp-Gly-Glu-Hyp-Gly-Pro-Lys) was identified as the segment 
responsible for adhesion of the alQH) chain to platelets. (239) In further studies, these 
investigators have shown that a synthetic nonapeptide with this sequence inhibits platelet 
aggregation induced by type III collagen in vitro. (235, 241) Inhibition.by this nonapeptide 
of aggregation of type I collagen was much less pronounced. Other aggregating agents 
were not affected by the presence of the nonapeptide. From these observations they have 
suggested that the adhesion of platelets to collagen may involve repetitive staggering of 
short amino acid sequences (such as this nonapeptide) along the rigid structure formed by 
a collagen fiber (239) 

More recently, Kamiguian and coworkers (242) have identified an octapeptide from 
type in collagen (Lys-Pro-Gly-Glu-Pro-Gly-Pro-Lys) that is adjacent to the nonapeptide 
described above. When this peptide was synthesized, it was found to inhibit specifically 
platelet aggregation and release of granule contents induced by type HI collagen, although 
it did not inhibit platelet adhesion to collagen. In these experiments, the observation that 
the octapeptide inhibited the increase in platelet cyclic AMP caused by PGIj is puzzling 
because this inhibitory effect is usually observed when platelets are exposed to aggregat- 
ing agents, not to inhibitory agents. (243) The possibility exists, however, that the octa- 
•peptide may inhibit the interaction of PGI2 with its receptor, although this was not 
suggested. 

Multiple Interactions Between Platelets and Collagen 

Despite the large number of investigations of the interaction of platelets with colla- 
gen, the precise nature of the binding is not known. Most investigators agree, however. 
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that collagen must be in the form of fibrils in order to bind to platelets, (196, 197, 244) to 
induce platelets to change shape, (245) to cause platelet aggregation, and to induce the 
release of granule contents. (188, 195, 198, 199. 211) As mentioned previously, the 
results of many of the eariy studies were misinterpreted because the treatments used to 
modify soluble collagen interfered with subsequent fibril formation, rather than with the 
adhesion of platelets to fibrillar collagen. It now seems to be established that neither the 
carbohydrate side chains of collagen nor the telopeptide regions are involved in platelet 
adhesion, whereas the e-amino groups of lysine seem to be required. 

Santoro and Cunningham (190) have advanced the theory that "muhiple, simultane- 
ous, linked interactions" are necessary for collagen-induced aggregation. They have 
pointed out that despite variations in amino acid sequence, fibrils of types I, II, and IE 
collagen are all effective aggregating agents, although it is quite unlikely that these 
coUagens are all capable of foming an identical, specific, multimolecular binding site. 
Like Muggli,(200) they have found that randomly crosslinked polymeric forms of colla- 
gen, which cannot form active type fibrils, can cause platelet aggregation. In their opin- 
ion, these observations eliminate the possibility that a macromolecular binding site 
recognized by the platelet is formed by the quarter-staggered arrangement of collagen 
molecules characteristic of the native type of collagen fibril. If their concept is valid, the 
inhibitory peptides described above must block the multiple sites required for the interac- 
tion of collagen with platelets. 

Some of the wide variety of techniques used to measure the interaction of platelets 
with collagen will be described below. The conditions differ so maiicedly with respect to 
the medium in which the platelets were suspended (particulariy the chelating agents 
present, or the concentration of Ca^* and Mg^*), the flow conditions, and the hematocrit, 
that it is often difficult to compare the results obtained by different investigators. Much 
more attention has been paid to the interaction of platelets with collagen because it was 
easier to study, than to their reaction with other constituents of damaged or diseased vessel 
walls, which may be equally, or even more important. 



RECEPTOR ON PLATELETS FOR COLLAGEN 

The nature of the receptor on platelets for collagen (assuming such a receptor exists) 
has not been established. Indeed, as noted above, Santoro and Cunningham (190) have 
proposed that, instead of an interaction with a specific, high-affinity receptor, multiple 
simultaneous and linked interactions occur between sites on the platelet surface and 
several sites on the collagen fibril. The signal for platelet activation would be the 
crosslinking of sites on the platelets by the collagen fibril. The receptor isolated by Chiang 
and Kan;| (2343 for the 1 -chain of chicle skill cpllagOT may not be a POHimpn 15^ for 
other types of collagen. Nevertheless, the technique that they used of affmity chromatog- 
raphy to a peptide that reacts with platelets will undoubtedly be applied to the reactive 
peptides identified by Legrand's group in type III collagen, and more information about 
proteins or glycoproteins in the platelet membrane that interact with collagen will be 
obtained. 

Lahav (246) used Sepharose® (Pharmacia) columns containing immobilized collagen to 
isolate adherent platelets, which were then lysed with Triton X-100. None of the proteins 
retained on the collagen was identifiable as a major membrane glycoprotein. In contrast, using 
the cross-linking reagent 3-3' dithiobis (sulfosuccinimidyl propionate), and platelets labeled by 
the periodate, tritiated borohydride method, Kotite and coworkers (247) isolated two polypep- 
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tides that were crosslinked to collagen. In SDS gels, these polypeptides ran in the position of 
glycoproteins lb and Ha. However, further characterization of the platelet polypeptides that 
become associated with collagen is required before the nature of the proteins or glycoproteins 
that are receptors for collagen can be determined. 

It is well established that platelets from patients with the Bernard Soulier syndrome 
lack glycoprotein lb on their membrane,(248-251) and that adherence to the subendothe- 
lium is defective.{252, 253) However, these platelets aggregate normally in response to 
collagen (254, 255) and it therefore seems unlikely that this glycoprotein is the receptor 
for collagen. Suggestions concerning reasons for impaired adhesion to the subendothe- 
lium and the possible role of von Willebrand Factor are discussed in the section, Binding 
of von Willebrand Factor to Platelets . 



PLATELET ADHESION TO OTHER SUBENDOTHELIAL 
CONSTITUENTS 

Although the interaction of platelets with collagen has been studied extensively, their 
reactions with the other individual components of the subendothelium have received 
relatively little attention. In addition to some fibrillar collagen with typical cross-stria- 
tions, the subendothelium contains elastin, microfibrils around elastin, basement mem- 
brane and its associated proteoglycans, and a number of proteins (including laminin, 
fibronectin, von Willebrand Factor, and thrombospondin). The basement membrane is the 
main material present on the surface of the subendothelium of blood vessels. Much of the 
information about platelet adhesion to the structural components of the subendothelium 
comes from morphologic studies and has been reviewed previously by Stemerman.(26) 
The majority of the investigations have been done with rabbit platelets and rabbit aortas. 
In the few studies in which human vessels and platelets have been used^ similar results 
were obtained despite the fact that the composition of the subendothelium of adult human 
arteries differs from that of yourig rabbits in that it is largely made up of smooth muscle 
cells with connective tissue between them. (256, 257) 

Elastin and Microfibrils 

Platelets appear to have little ability to adhere to elasrin in the subendothelium. (2, 33, 
258) This conclusion was derived in part from experiments with coUagenase-digested 
subendothelium on which the initial deposition of contact platelets was similar to that on 
the subendothelium, but spreading was inhibited and only 5 percent of the surface was 
covered by platelets, whereas coverage of the subendothelium was 100 percent,(33) The 
platelets that ''did iadhere lost their storage granules very slowly; in comparison with 
platelets adherent to a collagenous surface produced by digesting the subendothelium with 
a-chymotryspin. Baumgartner and colleagues (33) have classified elastin and its sur- 
rounding microfibrils as "virtually inactive" in inducing platelet degranulation. 

Spaet and Erichson (71) found no adhesion of platelets to isolated elastin. Similariy, 
using isolated elastin and microfibrils in an EDTA-containing system, Barnes and Macln- 
tyre (192) reported litde adhesion of platelets to elastin (7 percent) compared to adhesion 
to type I collagen (78 percent), and even less adhesion to the microfibrils (1 percent). 
Elastin, therefore, appears to be relatively inert. 

More recendy, however, Fauvel and coworkers (34) have isolated a microfibrillar 
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extract of bovine aorta. This noncoUagenous material caused platelet aggregation that 
depended on the presence of von Willebrand Factor, and was inhibited by a monoclonal 
antibody to glycoprotein lb on the platelet surface. This direct evidence indicates that 
these microfibrils may play a part in the interaction of platelets with the subendothelium. 
Possibly the platelet interactions that did occur in the experiments by Baumgartner's group 
involved these microfibrils. In the early experiments in which platelets did not appear to 
adhere to isolated microfibrils, the requirement for von Willebrand Factor was not appre- 
ciated. It is not clear, however, whether von Willebrand Factor is required for adhesion, 
or for the subsequent release of granule contents and aggregation. 

Basement Membrane 

The basement membrane forms a thin sheet beneath the endothelial cells.(191) Type 
IV collagen, which has already been discussed, is a major stnictural component, (259- 
262) but it is not present in the form of fibrils and does not activate platelets. The main 
proteoglycan associated with the basement membrane is heparan sulfate. (262-264) Sev- 
eral glycoproteins ar^ also localized on this structure. (262, 265) 

Most studies of platelet reactions with basement membrane (basal lamina) have been 
done with glomerular basement membrane. (35-37, 209, 266) Although there is some 
disagreement, most investigators have found that platelets do not interact to an apprecia- 
ble extent with type IV collagen, a major constituent of the basement membrane (see 
section on Structure of Collagen and Platelet Aggregation). Huang and Benditt (35) 
treated human glomerular basal lamina (HGBL) with either collagenase or pepsin. 
Removal of noncoUagenous proteins with pepsin left a surface composed of residual 
collagen with little reactivity toward platelets. In contrast, after removal of collagen, 
platelet adhesion and spreading occurred to the same extent as on intact basal lamina, but 
no degranulation or aggregation was observed. Divalent cations were required for platelet 
adhesion to HGBL.(35, 266) In contrast, Freytag and colleagues (36) reported that both 
collagenous and noncoUagenous components of bovine glomerular basement membrane 
caused aggregation of human or sheep platelets, but their observations have been criti- 
cized on the grounds that the systems were heterologous and that their preparations may 
have been contaminated with coUagen fibers. (266) However, in a completely bovine 
system, Davis and associates (37) also observed adhesion of platelets to basement mem- 
brane; this occurred in the absence of added calcium, but release and aggregation did not 
take place until Ca^^ was added. It should be noted that the platelets were suspended in a 
most unsuitable medium containing 15 mAf Tris buffer,(267) which may have affected 
dieir reactivity. 

In one in vitro study of the reactivity of platelets in citrated blood or plasma with the 
basement membrane of rabbit heart valves, little or no platelet adhesion was 
observed. (2 68) In contrast, platelets have been observed to adhere to capillary basement 
membrane in vivo when endothelial ceUs have separated. (67-69, 269) 

On the basis of the available information, it is not possible to decide whether the 
differences among experimental results are attributable to variations in experimental 
approaches, or are partly caused by differences in the reactivity toward platelets of 
basement membrane from different sources. Contamination with type III collagen has not 
always been ruled out in the preparations of basement membrane, and may account for 
some of the observations of aggregation and release of granule contents. Some of the 
discrepancies between in vitro and in vivo results may arise because of loss of loosely 
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associated components (proteoglycans, glycoproteins) during the isolation and purifica- 
tion of basement membrane preparations. 

TECHNIQUES USED TO MEASURE PLATELET ADHESION 

A great many methods have been described for quantifying platelet adhesion to 
collagen in vitro; this is a sure indication that none of them is entirely satisfactory. 
Nevertheless, some discussion of the different techniques seems warranted. They vary in 
many ways, including the platelet suspending medium, the method used to immobilize 
collagen, the type of collagen tested, and the method of quantitation. Platelet adhesion to 
the subendothelium has also been quantified by some of the same techniques. Table 2 
outlines some of the reported methods. 

The two main methods that can be used to quantify platelet adhesion either to 
collagen, or to the damaged surface of a blood vessel, are the morphometric and the 
isotopic methods; The most popular morphometric method was developed by and has 
been used extensively by Baumgartner and colleagues. (3, 32, 258, 270, 271) In this 
method, sections are prepared from blood vessels for direct examination by light micros- 
copy or by scanning or transmission electron microsopy. Other investigators have adopted 
this method, or combined it with the isotopic method by perfusing the Baumgartner 
chamber with ^'Cr-labeled platelets. (136, 272) The advantages of the morphometric 
method are that both the adhesion of single platelets and of platelet thrombi can be 
determined separately and the area of the surface that is not covered by platelets can be 
estimated. In addition, adherent platelets that have contacted the wall but maintained their 

Table 2 



Methods used to Quantify Platelet Adhesion to Collagen or the Subendothelium 



Method 


References 


Direct observation by light microscopy or by scanning or 




transmission electron microscopy of the surface to which 




platelets and thrombi have adhered 


1-3,5,32,33,271,276 


Measurement of the amount of radioactivity associated with the 




surface after interaction with ^'CR- or ***In-labeled platelets 


5.38, 136.272, 273,276 


Enumeration of platelets before and after adhesion to surfaces 




coated with collagen or to columns of colIagen/Sepharose 


182,225,279.280. 283 


Measurement of change in light transmission as platelets adhere 




to a concentrated suspension of collagen 


281,282 


Separation of collagen with Adherent , labeled platelets from 
non-adherent platelets by: 




passage through Sepharose 2B 


139 


filtration on a membrane with 5 fim pores 


285 


Separation of •^^i-collagen adherent to platelets from unbound 




'^l-collagen by centrifugation through Ficoll 


196 



The first two methods can be used in vitro or in vivo. For in vivo experiments, the experimental animals are 
exsanguinated and the vessels fixed by perfusion with a glutaraldehyde solution; fibrin formation during these 
procedures should be prevented by the prior administration of heparin. (5, 38) 
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shape, can be differentiated from platelets that have spread on the surface. The major 
disadvantages are the time-consuming and tedious nature of the process of preparing and 
examining the sections and the limited area that can be examined. 

The main advantage of isotopic techniques is that the accumulation of platelets on a 
large surface area can be examined and measured easily and rapidly. The major disadvan- 
tage is that single, adherent platelets cannot be distinguished from platelet aggregates or 
thrombi on the surface. If aggregate formation on the adherent platelets is prevented or 
reversed, it is possible to measure accurately the number of platelets that are actually 
adherent to the surface. In the method originally described by Cazenave and col- 
leagues, (194) the collagen-coated surfaces were merely rinsed in Tyrode solution, which 
would not have removed aggregated platelets. In later experiments, the surfaces were 
rinsed in EDTA to remove platelet aggregates and to leave only the platelets that were 
actually adherent to collagen. (273) This technique is suitable for rabbit platelets, which 
are readily deaggregated by EDTA, but it is unsuitable for human platelets, which are not 
deaggregated by EDTA if they have undergone the release reaction. (274) 

A variety of devices has been used to study platelet adherence to collagen, the 
damaged surface of a blood vessel, or to artificial surfaces. The "Baumgartner chamber" 
has been mentioned earlier. In it, a central core is either coated with collagen or used as a 
mount for an everted vessel segment. In this annular chamber, blood or suspensions of 
platelets can be passed over the surface under controlled conditions of flow, and the shear 
rates can be adjusted to approximate those in vessels of various diameters. (275) One 
limitation is that blood vessels of different thicknesses cause variations in the distance 
between the core and the walls of the chamber and thus influence the shear rate. 

Sakariassen and coworkers have developed a flat perfusion chamber to investigate the 
interaction of "'indium-labeled platelets in flowing blood with human vessel wall cells in 
culture, their extracellular matrix, or isolated connective tissue components (collagen) at 
defined shear rates (276); they measured adhesion both morphometrically and by measur- 
ing radioactivity. 

In the device used by Cazenave and colleagues, a cylindrical glass probe is coated 
with collagen or used as a mount for an everted vessel segment. The probe is rotated at 
constant speed for a predetermined time (usually 10 minutes) in a suspension of washed 
platelets to which a variety of additions can be made. (273) In the studies oT Feuerstein and 
colleagues (277) and Cazenave and associates, (273) probes of this nature were rotated at 
low speeds (200 rpm) to give low shear rates (40 sec"\ which is the shear rate in veins). In 
addition, materials released or formed by the platelets accumulate in the suspending 
medium during the time that the probe is rotated in the platelet suspension. 

These two systems are suitable for measuring platelet adhesion to either a collagen- 
coated surface or the surface of a damaged vessel. With the exception of the system 
developed by Bamhart and associates (228) in which umbilical veins are used, most of the 
other devices developed to study platelet adhesion are not suitable for studying platelet 
adhesion to the subendothelium, but only to surfaces coated with collagen (or other 
proteins). These methods have been reviewed recently by Turitto and Baumgartner (275) 
and include flow chambers of flat plate, parallel plate, and stagnation point varieties. 
Since most of these have been used mainly to study platelet adhesion to artificial surfaces, 
they will not be discussed in detail in this chapter. It should be pointed out, however, that 
some investigators such as Muggli and associates (278) have used devices of this sort to 
investigate platelet interactions with a collagen-coated surface. 
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Several investigators have counted the number of platelets in suspension before 
and after adhesion has been allowed to occur (182. 225. 279. 280) Spaet and Lejnieks 
(281) adapted the aggregometer to measure the small changes in light transmission that 
occurred as platelets in plasma that were anticoagulated with EDTA adhered to con- 
nective tissue fragments that were rich in collagen. Castellan and Steiner (282) used a 
variation of this technique. In all these studies, ETDA was used to prevent platelet 
aggregation. Unfortunately, EDTA or high concentrations of citrate partially inhibits 
platelet adhesion to collagen and strongly inhibits platelet adhesion to the subendothe- 
lium.(l , 97. 142, 273) The techniques employing EDTA permit the measurement of only 
the aspect of platelet interaction with collagen that does not require divalent cations in the 
suspending medium. 

Brass and colleagues (283) have measured platelet adhesion to polymeric collagen 
that has been covalently linked to agarose (Sepharose 2B). Suspensions of washed radiola- 
beled platelets in a medium including Tris and EDTA were passed through a short 
chromatography column of coUagen/Sepharose. Measurement of adhesion was based on 
*'Cr labeling; measurement of release of granule contents was based on '*C-serotonin 
released from prclabeled platelets. The major criticism of this techriique is that EDTA 
must be used to prevent platelet aggregation in the column. In addition, Tris has been 
shown recently to inhibit collagen-induced platelet aggregation, (267) although its effect 
on platelet adhesion to collagen has not been investigated. Using the collagen/Sepharose 
system. Cowan and coworkers (142) have recently presented evidence that Mg^"*^ may 
have an important role in the adherence of platelets to collagen covalently linked to 
Sepharose. Shadle and Barondes (284) coupled collagen covalently to plastic slides and 
observed that adhesion was absolutely dependent on Mg^+, whereas Ca^+ was ineffective. 
It should be recognized that this is an unusual system, however, since no platelet aggrega- 
tion was observed in the presence of calcium, and PGE, did not inhibit adhesion. Thus 
measurements of adhesion to this surface may have little relation to adhesion to the 
subendothelium. 

Legrand and coworkers (139) have devised a quantitative method for estimating 
platelet adhesion to fibrillar collagen, using platelets labeled with ^'Crand '^C-serotonin. 
A mixture of platelets and collagen is layered above a Sepharose 2B column, which 
retains the collagen fibrils with their adherent platelets and allows platelets and released 
serotonin to pass through. This technique suffers from the same problems as that of Brass 
and aissociates (283) in that the platelet suspending ihedium contains both EDTA and Tris. 

In the method of Santoro and Cunningham, (285) ^'Cr-Iabeled platelets that were 
adherent to collagen fibers were separated on polycarbonate membrane filters with 5 /im 
etched pores. Again, EDTA was present in the suspending medium to prevent platelet 
aggregation. 

Although a number of investigators have used platelets labeled with radioactive 
materials to study platelet adhesion to collagen and the subendothelium, the reverse of this 
technique has also been used. Gordon and Dingle (196) labeled the tyrosine residues of 
collagen with '"i, added the labeled collagen to citrated platelet-rich plasma, and centri- 
fuged the mixture through FicolL Platelets with bound collagen separated below the 
; Picoll, whereas collagen that was not attached to platelets did not penetrate. Their results 
indicated that collagen does not bind to platelets unless it is in the form of microfibrils. 
They they were able to establish that collagen microfibrils are required for the initial 
interaction of platelets with collagen, and not merely for the subsequent stage of collagen- 
induced aggregation. 
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Role of Ca^^ and Mg^^ in Platelet Adhesion 

Many of the methods used to measure platelet adhesion have employed media con- 
taining EDTA to prevent platelet aggregation, despite the demonstrations that EDTA 
inhibits platelet adhesion. As pointed out by Turitto and Baumgartner,(275) it would be 
preferable if unanticoagulated whole blood could be used for studies of platelet adhesion, 
but the problems of platelet aggregation and the generation of thrombin in such a system 
have greatly limited this approach. In a few ex vivo studies, Baumgartner and colleagues 
(286-288) have studied adhesion using native blood (no anticoagulant) in their annular 
perfusion chambers, modified so that the blood was not recirculated. They found that 
platelet adhesion to the subendothelium was less in native blood than in blood anticoagu- 
lated with citrate, probably because fewer thrombi formed with citrated blood and thus 
more surface area was available for the adhesion of single platelets. Adhesion-induced 
aggregation was increased in native blood. In addition, higher shear rates were required in 
native blood to demonstrate decreased adhesion caused by von Willebrand Factor defi- 
ciency. (287) It may be that citrate, at the concentrations that are usually used to anticoagu- 
late blood, does not have a major inhibitory effect on platelet adhesion to the 
subendothelium. It must be emphasized, however, that citrate also does not prevent 
aggregate formation on the adherent platelets. 

Since some adherence of platelets to collagen and the subendothelium does occur in 
the presence of strong chelating agents, but platelet aggregation is blocked by EDTA or 
EGTA, many investigators have chosen to use these strong chelators so they could be sure 
they were studying only platelet adhesion without the confounding -effect of aggregate 
formation on the adherent platelets. (139, 142, 281, 283, 289) Problems in the use of strong 
chelating agents has been pointed out in several sections of this chapter, since lack of diva- 
lent cations must be considered in the interpretation of results of adhesion experiments- 
There appear to be differences in the requirements for adhesion to collagen and to the 
other constituents of the vessel wall; lack of divalent cations is more inhibitory of platelet 
adhesion to the subendothelium than to collagen.(l, 273) Little attention has been paid to 
the cation required (Ca^-^ or Mg^*). Using washed rabbit platelets suspended in Eagle's 
medium containing 2 mM Ca}* , 1 mAf Mg^+, 4 percent albumin, and blood cells to give a 
hematocrit of 40 percent, Cazenave and associates (273) found that 13 mM citrate, 4.5 
xnM EDTA, or 4.5 mAf EGTA reduced platelet adhesion to a collagen-coated surface to 
21 percent of control values, whereas these concentrations of chelating agents reduced 
-adhesion to the subendothelium to less than 10 percent of control values. Using rabbit 
blood, Baumgartner's group (33) has shown that increasing the plasma concentrations of 
citrate from the usual 14.7 mM to 91.5 mM inhibits platelet adhesion to fibrillar collagen 
in the subendothelium and the formation of platelet aggregates, as does the use of EDTA 
at a pla^^^ 

was reduced from 80 percent (in 14.7 mM citrate) to 20 percent when chelation was 
increased in these ways. The ability of platelets to spread on the surface was also strongly 
impaired, but, nevertheless, both dense and a-granules disappeared, albeit at a slower 
rate, from the platelets that did adhere to fibrillar collagen, indicating that release from 
adherent platelets was not entirely dependent on divalent cations. In contrast to these 
observations, Kinlough-Rathbone and colleagues (97) observed that 5 mM EDTA blocked 
release of '*C-serotonin from rabbit platelets that were adherent to the subendothelium, 
but so few platelets adhered in the presence of EDTA that a small extent of release would 
not have been detected. 
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Turitto and Baumgartner (275) have emphasized that, in the presence of EDTA, 
adherent platelets are predonainately only in contact with the surfaces, rather than are 
spread out on them. Apparently only the contact phase is independent of divalent cations. 
Cazenave and associates have also observed that EDTA inhibits platelet spreading. (273) 
Much more extensive adhesion of platelets to collagen occurs in the presence of 
Ca^+.(271, 275) It is likely that the inhibitory effect of EDTA is most apparent when there 
is a shear rate effect that would tend to remove platelets that have merely contacted the 
surface. 

To study the effect of divalent cations on platelet adhesion, it is necessary to isolate 
platelets from plasma and to resuspend them in an artificial medium so that any possibility 
of thrombin formation is prevented when physiologic concentrations of divalent cations 
are present. If only adhesion is to be investigated, aggregate formation on the adherent 
platelets must be prevented, or the aggregates must be removed, leaving only the platelets 
that are actually adherent to the surface. Protein concentration, ionic composition, glu- 
cose concentration, pH and hematocrit should be similar to those in blood. In the system 
eventually devised by Cazenave and associates, (273) an enzyme system (apyrase) that 
degrades released ADP is also included to minimize the formation of platelet aggregates. 
As mentioned elsewhere, it is possible to remove aggregated rabbit platelets from the 
adherent platelets by rinsing the surface in a solution containing EDTA, but this is not 
effective with human platelets because they differ from rabbit platelets in that they are not 
deaggregated by EDTA if the release reaction has occurred, (274) 

Effect of Red Biood Ceils on Platelet Adhesion 

There is general agreement that the presence of red blood cells increases the rate of 
platelet adhesion to collagen or to the subendothelium.(273, 291-295) Increased adhesion 
of platelets is attributed to two effects of red blood cells. First, in flowing blood they 
physically enhance the diffusion of platelets to the surfaces (277, 291 , 293, 294, 296) and 
second, red blood cells may also contribute to platelet accumulation, on a surface if the 
red blood cells lose some of the ADP they contain, (293, 297-299) However, this ADP is 
likely to promote platelet aggregation, not platelet adherence. It has been shown recently 
that the large red blood cells of humans are more effective in promoting platelet adhesion 
to the subendothelium than are the smaller red blood cells of rabbits or goats, (295) and 
this is undoubtedly a physical effect. 

Effect of Flow on Platelet Adhesion 

The effect of blood flow on platelet adhesion has been the subject of numerous 
investigations; iseveral comprehensive reviews have been published. (300-302) The rate of 
adhesion increases as the flow rate is increased. (3, 277, 303) In perfusion systems such as 
the annular Baumgartner chamber, this dependence holds for flow rates that give wall 
shear rates of less than approximately 650 sec"', the values typical of large veins and 
arteries. (275) Shear rates are highest in vessels of the smallest diameter. Turitto and 
Baumgartner (303) have pointed out that the adhesion rate is influenced by both platelet 
transport to the surface and by platelet reactivity with the surface. With shear rates above 
1000 sec-', the latter effect may predominate. Most of these studies by Turitto and 
Baumgartner have been done under conditions of laminar flow. 

In contrast, Goldsmith and Karino (301, 304) have done extensive studies of the 
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effects on platelet adhesion and aggregation of the disturbed blood flow that occurs around 
vessel orifices and downstream from stenotic-type obstructions in models of blood ves- 
sels. Their diagrams of reverse flow and vortices at such sites illustrate how platelets are 
trapped and accumulate, forming aggregates that diffuse to the wall and adhere to it. Their 
findings and theoretical analyses provide explanations for the eariy observations of the 
areas where platelets accumulated on the walls of arteriovenous extracorporeal shunts that 
contained biftircations and branches. (305) The sites of platelet accumulation corre- 
sponded to the sites where atherosclerotic lesions are observed around vessel orifices, 
leading to the theory that platelet interaction with the arterial wall at sites of disturbed flow 
may an eariy event in the development of atherosclerosis. (305) This theory gained much 
more support when Ross and colleagues (306, 307) showed that platelet-derived growth 
factor (PDGF) is released from platelets when they interact with collagen, and that PDGF 
is mitogenic for smooth muscle cells. 

As pointed out by Turitto and Baumgartner,(275) the role of blood flow in the 
removal of platelets from surfaces has received litfle attention. Many investigators have 
shown that platelet-thrombi can be dislodged,(l, 32, 303, 308, 309) but it is unlikely that 
the layer of platelets actually adherent to collagen or the subendothelium is ever removed 
in this way. Probably only the platelets diat have aggregated on the adherent platelets are 
removed by the force of flowing blood. 

ROLE OF PLASMA PROTEINS AND THROMBOSPONDIN IN 
PLATELET ADHESION 

The roles in platelet adhesion of plasma proteins and proteins released from the a- 
granules of platelets are being investigated by many groups. The proteins of interest arc 
those that have been shown to interact with the surface of stimulated platelets: von 
Willebrand Factor, fibrinogen, fibronectin, and thrombospondin. All of these are present 
in platelet a-granules, and all except fibrinogen are secreted by endothelial cells. In many 
studies, these proteins have been used individually to study their binding to platelets that 
have been isolated and resuspended in artificial media, often very unphysiologic media. 
Under these circumstances, the interactions among the proteins and their interference 
with, or promotion of the binding of, each other to platelets, or to injured vessel walls 
carmot be assessed. Since their concentrations in plasma vary widely, the situation in vivo 
may be quite different from that in the in vitro systems. At least two groups of investiga- 
tors have demonstrated that fibronectin and thrombospondin interact with each 
other.(310, 311) Interactions with glycosaminoglycans in the subendothelium also 
deserve consideration . 

Role of von Willebrand Factor in Platelet Adhesion to 
the Subendothelium 

Although the statement has been made repeatedly in the literature that von Willebrand 
Factor is necessary for adhesion of platelets to the subendothelium of normal vessels, it is 
rarely pointed out that this is so only under certain defined conditions. First, von Wille- 
brand Factor has a role in platelet adhesion only when the wall shear rates are high 
(greater than 1000 sec"'). (275) When shear rates are similar to those in large arteries, that 
is in the range 500 to 1000 sec*', a deficiency of von Willebrand Factor does not affect the 
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number of platelets that adhere to the subendothelium either in vitro or in vivo-(3 12) In the 
coronary arteries of pigs deficient in von Willebrand Factor, removal of the endodielium 
did not result in decreased platelet adhesion to the subendothelium after a 30 minute 
period, in comparison to normal animaIs-(22) It is not surprising that the bleeding disorder 
in von Willebrand Factor deficiency is a disorder of smaller vessels where the shear rates 
are higher than in arteries. (275, 300) Second, in most assessments of the role of von 
Willebrand Factor in platelet adhesion to the subendothelium, citrated blood has been 
used. In this suspending medium, the effect of a lack of von Willebrand Factor can be 
shown at lower shear rates (500-1000 sec*') than in native blood in which no impairment 
of adhesion is present unless the shear rate is greater than 1300 sec" '.(287) 

In all the studies done by Baumgartner, Weiss, and their coworlcers, subendothelial 
surfaces that may have considerably changed by storage in 0.2 M Tris buffer at 4<C for 2 
to 4 weeks were used.(135, 287, 313) In early reports from this group,(135) penicillin and 
streptomycin were included in the storage medium, but it is not clear that they were used 
in later investigations. The effect that storage in this way may have on proteins that are 
normally present in the subendothelium (314) has apparently not been investigated; it is 
not known whether normal amounts of von Willebrand Factor remain after storage. Since 
adhesion of platelets at high shear rates is impaired in the absence of von Willebrand 
Factor in the blood used to perfuse the vessel segments, it must be concluded that in the 
experiments done by Baumgaitner's group, insufficient von Willebrand Factor is present 
on the subendothelium of the segments to support platelet adhesion at a normal level. 
Information is not available on the question of whether fresh vessel segments would have 
enough von Willebrand Factor to promote a normal extent of platelet adhesion from blood 
deficient in von Willebrand Factor. Segments of human renal arteries obtained 12 hours 
after death that were prepared in Tris buffer have been found to bind '^I-labeled von 
Willebrand Factor, (272) When platelets were suspended in a medium without von Wille- 
brand Factor and perfused over these segments, the number of platelets that adhered was 
directly related to the amount of bound von Willebrand Factor. These observations indi- 
cate that the subendothelial surface prepared in this way lacks sufficient von Willebrand 
Factor to support the adhesion of platelets in normal numbers. 

Nevertheless, some von Willebrand Factor must remain in the subendothelium pre- 
pared by the method of Baumgartner and associates, since pretreatment of the de-endothe- 
lialized surface of the rabbit aortas with antiserum to von Willebrand Factor diminishes 
the adhesion of human platelets in citrated blood to the surface. (3 15) From this observa- 
tion Turitto and colleagues concluded that von Willebrand Factor in the vessel wall may 
be important in hemostasis. This is in accord with eariier findings of others (316, 317) 
who reported that von Willebrand Factor was lacking in the vessel wall of patients with 
severe von Willebrand's disease. The relative importance in platelet adhesion of von 
Willebrand Factor in the vessel wall and von Willebrand Factor in plasma has not been 
established. 

Two groups of investigators have shown that von Willebrand Factor enhances platelet 
spreading on the subendothelium of human vessels in in vitro test systems.(318. 319) 
Although Baumgartner and colleagues, (320) using the subendothelium or the collagenous 
surface produced by digesting the subendothelium of rabbit aortas with a-chymotiypsin, 
concluded that decreased adhesion to fibrillar collagen was associated with normal spread- 
ing, their data indicate that spreading was defective with blood from parients with von 
Willebrand disease. (287, 320) Since one would expect spread platelets to be more 
strongly adherent than platelets that are merely in contact with the surface, enhancement 
of spreading by von Willebrand Factor would account for the observations that its effect 



Platelet Adhesion 



241 



Fig. 2. The base of a thrombus in the aorta of a pig at the orifice of the second intercostal artery 
where blue staining was evident, following the administration of Evans blue. The thrombus rests 
upon basement membrane material (BM) and cellular debris (CD). Fibrin (FEB) predominates along 
the thrombus- vessel wall interface. EL, Elastic tissue; COL, collagen fibers; PLT, platelets (magni- 
fication X 17,200) (from J0rgensen L, Packham MA, Rowsell HC, et al: Deposition of fonned 
elements of blood on the intima and signs of intimal injury in the aorta of rabbit, pig and man. Lab 
Invest 27; 341, 1972 with permission of Laboratory Investigation, ®1972 by the United States- 
Canadian Division of the International Academy of Pathology), 



on platelet adhesion is only demonstrable at high shear rates, which would be less likely to 
remove spread platelets than "contact" platelets. More recently, however, the same group 
has reported a defect in the initial attachment of platelets from patients with von Wille- 
brand's disease to de-endothclialized segments of vessel walls. (321) These results were 
obtained with blood that contained EDTA as an anticoagulant to inhibit platelet spreading, 
arid subendothelium that had been digested with chymotiypsin. Since these investigators 
(1, 33) as well as others (273) have shown that EDTA strongly inhibits platelet adhesion 
to the subendothelium, it may be that lack of von Willebrand Factor affects only the 
aspect of platelet adhesion that is not dependent on divalent cations. 

Somewhat different conclusions than those resulting from the use of the Baumgartner 
chamber have been reached by other investigators who have studied platelet adhesion in 
vivo in pigs that are congenitally lacking in von Willebrand Factor. In large arteries, such 
as the carotid arteries of these pigs, lack of von Willebrand Factor was found to have no 
significant effect on the number of platelets that adhered in vivo following injury by air 
drying, although platelet activation as indicated by spreading and degranulation was not 
observed. (322) Reddick and associates (22) also observed no difference in platelet adhe- 
sion to coronary arteries denuded of endothelium in normal pigs and pigs with von 
Willebrand*s disease. These observations may be attributable to low shear rates in the 
vessels that were examined. As pointed out by Meyer and Baumgartner, (3 12) at low shear 
rates, other pathways for adhesion, not requiring von Willebrand Factor, may exist and be 
sufficient to support the adhesion of normal numbers of platelets. This concept is in 
keeping with the observations that platelets can cover the subendothelium or interact with 
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collagen at low shear rates without added von Willebrand Factor. (273) It also provides a 
rational explanation for the development of atherosclerosis and thronibosis in large vessels 
of patients with von Willebrand's disease,(323, 324) because if platelet adhesion were 
defective in these vessels, one would expect less stimulation of smooth muscle cell 
proliferation by the mitogen released from platelets at naturally-occurring sites of injury, 
and hence less atherosclerosis. 

It seems reasonable to conclude that the major importance of von Willebrand Factor 
is in hemostasis involving small diameter vessels in which shear rates are high. Indeed, 
direct observation by electron microscopy of hemostatic plugs in patients with von Wille- 
brand's disease reveals defective adherence of platelets to the severed vessel walL(ll, 
325) 

Methods of Quantitation of von Willebrand Factor Activity 

The hemorrhagic disorder first described by von Willebrand (326) was later shown by 
von Willebrand and Juergens (327) to be associated with abnormal platelet function. They 
used a "capillary thrombometer" to demonstrate this abnormality. Measurement of the 
skin bleeding time is a nonspecific and imprecise, but generally reliable, way of detecting 
that an abnormality exists, and diis method is still in use. although it may reflect not only 
abnormal platelet adhesion but also the low concentrations of Factor Vin that are charac- 
teristic of von Willebrand *s disease. In the 1960s, columns packed with glass beads were 
developed to measure platelet adhesiveness upon passage of blood through them under 
defined conditions. (328, 329) Low values for platelet "adhesion" were observed with 
blood from patients with von Willebrand's disease. The addition of riormal plasma or 
fractions of plasma containing von Willebrand Factor resulted in normal platelet "adhe- 
sion " Experimental conditions had to be rigidly controlled to obtain reproducible and 
valid results with this technique, and values tended to vary greatly among different 
laboratories. Other abnormalities influence platelet "adhesion" to glass beads, so the test 
is not specific for either von Willebrand Factor or indeed adhesion itself. The discovery 
that platelets from most normal individuals are agglutinated by the antibiotic ristocetin 
only if von Willebrand Factor is present (330) provided another test for von Willebrand 
Factor, although it is now known that platelets from about 30 percent of patients with von 
Willebrand 's disease agglutinate normally with ristocetin. (331) Several types of von 
Willebrand's disease are known, and in type IIB agglutination of platelets by ristocetin is 
greater than normal. (332) An additional complication is that the ristocetin test is not 
specific since platelets from patients with the Bernard Soulier syndrome also do not 
agglutinate in response to ristocetin. (333, 334) There are some conditions in which 
ristocetin cofactor activity (VIII R:RCo) does not correlate with the bleeding time, which 
may remain prolonged after VIII R:RCo has been corrected by infusion of Factor Vni 
concentrates.(332) In addition; Bowie and colleagues (335) have obtained evidence, from 
studies with several different monoclonal antibodies directed against von Willebrand 
Factor, that the part of the molecule involved in ristocetin cofactor activity is not identical 
to the parts that determine the bleeding time. 

The participation of von Willebrand Factor in platelet adhesion to the subendothelium 
at high shear rates has been demonstrated with the perfusion chamber developed by 
Baumgartner and colleagues in which blood is passed over everted segments of de^ 
endothelialized rabbit aorta and the number of adherent platelets is determined morpho- 
metrically.(32, 287) Other investigators have used human renal arteries with -""Cr-labeled 
platelets (256, 272, 318) or umbilical veins, (228) Platelet adhesion is defective with 
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blood from patients with von Willebrand's disease or reconstituted blood lacking von 
Willebrand Factor,(272, 287, 334, 336) and can be corrected by the addition of von 
Willebrahd Factor (256, 272, 337) 

The von Willebrand Factor protein can be assayed by several immunologic tech- 
niques involving specific heterologous antibodies, quantitative or radioquantitative immu- 
noelectrophoretic techniques, or immunoradiometric assays. The literature concerning 
these has been reviewed in detail by Zimmerman and Ruggeri.(332) These authors point 
out that single quantitation of the antigen may not give a measure of the true von 
Willebrand Factor protein activity because von Willebrand Factor exists in plasma in the 
form of multimers of various sizes with different von Willebrand Factor activities. 
Although the small multimers are measured by the quantitative immunologic techniques, 
they do not have the von Willebrand Factor activity that is required for normal hemosta- 
sis. When the large multimers are lacking, as they are in types HA and IIB von Wille- 
br^d's disease, the concentration of Factor VDl-related antigen may be normal, as 
measured by these assays, although the bleeding times are prolonged. These assays are 
information, however, for type I von Willebrand's disease, in which the amount of von 
Willebrand Factor protein is reduced, but the multimeric composition is normal, and for 
type III, in which von Willebrand Factor protein is practically undetectable in plasma by 
sensitive radioimmunoassays. (338) 

Role of Large M, Multimers of von Willebrand Factor 
in Platelet Adhesion 

As indicated above, von Willebrand Factor consists of a series of multimers ranging 
in molecular weight from approximately 800,000 to over 12 X 10^,(332) periiaps 
as large as 20 x 10'*.(339) The ability of the multimers to correct the hemostatic defect 
in von Willebrand disease is directly related to their size. In type IIA and type IIB von 
Willebrand disease, the large multimers are absent from plasma, and the bleeding time is 
prolonged even if high amounts of the small multimers are present. It seems likely, 
therefore, that it is the large multimers that take part in platelet adhesion to connective 
tissue at the ends of severed blood vessels in normal individuals. Furthermore, the large 
multimers bind preferentially to platelets on which von Willebrand Factor receptors have 
been exposed by treatment of the platelets with thrombin, (340) the large multimers take 
part more readily in ristocetin-induced agglutination of platelets, (34 1-343) and they bind 
preferentially to fibrillar collagen. (344) 

Unusually large multimers of von Willebrand Factor have been found in the plasma 
of some patients with chronic relapsing thrombotic thrombocytopenic purpura 
(TTP).(345) During relapses, in vivo platelet agglutination and thrombocytopenia were 
associated with decreased quantities of these large multimers in plasma, in comparison 
with their amounts during remission, Moake and colleagues (345) suggested that the large 
von Willebrand Factor multimers may be "consumed" during relapse (presumably by 
taking part in the formation of platelet aggregates that are removed from the circulation), 
and that the abnormality responsible for the presence of the abnormal multimers in these 
patients may be a defect in processing after their synthesis and secretion by endothelial 
cells. They related their findings to the platelet agglutination activity detected in the 
plasma of some patients with TTP (346, 347); normal plasma inhibits this agglutinating 
activity in vitro. (346) It seems likely that these large multimers may play a part in the 
thrombotic episodes in this condition. 

In the recently described "pseudo" von Willebrand's disease, the patients have a mild 
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bleeding disorder, intermittent thrombocytopenia, decreased amounts of Factor Vin/von 
Willebrand Factor in their plasma, and a deficiency of the high molecular weight multi- 
mers in their plasma.(339, 348-351) As in type IIB von Willebrand's disease, ristocetin- 
induced agglutination of platelets is enhanced; this has been attributed to a platelet 
membrane abnormality that results in the adsorption to the platelets of high molecular 
weight multimers. The increased binding of these multimers to platelets may deplete 
plasma of these multimers and may be responsible for the thrombocytopenia. (339) The 
observation that the abnormal platelets are aggregated by normal human von Willebrand 
Factor is in accord with this interpretation. Lack of the large molecular weight multimers 
in plasma in this disorder is likely to be responsible for the bleeding diathesis. 

Binding of von Willebrand Factor to Collagen 

Several groups of investigators have demonstrated that von Willebrand Factor is 
adsorbed by collagen. (344, 352-357) Legrand and associates (353) reported that type III 
collagen, which is found in the subendothelium, bound von Willebrand Factor much more 
effectively than type I collagen. This difference between the types of collagen was 
subsequently confirmed by Ny man. (352) According to Santoro and Cowan, (355) binding 
of von Willebrand Factor to fibrillar type I collagen from skin is independent of tempera- 
ture and does not require divalent cations or other plasma proteins. A preferential binding 
by collagen of the higher molecular weight forms of von Willebrand Factor has been 
observed, (344) In view of these findings and the observations to be discussed later that 
stimulated platelets can bind von Willebrand Factor, it is not surprising that adsorption of 
von Willebrand Factor on the surface of exposed collagen at a site of vessel injury is 
considered to be involved in platelet adhesion to damaged vessel walls. 

Role of von Willebrand Factor in Platelet Adhesion to Collagen 

Although the participation of von Willebrand Factor in platelet adherence to the 
subendothelium under conditions of high shear rates is well established, (272, 287, 336) 
the possibility that von Willebrand Factor has a role in platelet adhesion and spreading on 
a collagenous surface is not entirely settled. Most investigators have reported that platelet 
aggregation induced by collagen is normal in patients with a deficiency of von Willebrand 
Factor (254, 255); these observations indicate that although the direct interaction of some 
platelets with collagen must occur during coUagen-induced aggrcgatiori, von Willebrand 
Factor may not be essential for this interaction. It should be pointed out, however, that 
Baumgartner and colleagues (313) found that antibodies to von Willebrand Factor that had 
been prepared in rabbits, as well as homologous antibodies, inhibit^ platelet adhesion to ^ 
collagen fibrils at high shear rates. No inhibition was apparent at low shear rates, but with 
increasing shear rates, inhibition also increased until at shear rates that are typical of the 
"microvasculature (1300-5200 sec~*) platelet adhesion was practically abolished by the 
antibodies. The collagen fibrils were actually the exposed surface of a-chymotrypsin- 
digested subendothelium, and other materials are undoubtedly present on this surface. 
The rabbit antiserum directed against human Factor VIILvWF also inhibited '*C-serotonin 
release induced by platelet adhesion to collagen in EDTA-PRP iii an aggregometer cuvette 
in which stirring was rapid, (358) As much as 70 percent inhibition was observed. The 
investigators suggest that the vWF antigen-antibody corhplexes could sterically hinder 
collagen fibrils from gaining access to their receptors on the platelets, thereby directly 
interfering with the adhesion of platelets to collagen . (358) To reconcile their observations 
with the fact that collagen-induced aggregation of platelets from patients with von Wille- 
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brand's disease is normal, they pointed out that inhibition by the antiserum was small and 
significant only on a paired basis and apparent only with low collagen concentra- 
tions- (358) Santoro and Cowan (355) also found that an antibody to human von Wille- 
brand Factor, raised in goats, inhibited platelet adhesion to collagen in the absence of 
added von Willebrand Factor, although von Willebrand Factor released from the platelets 
may have been present on their surface. By using fluorescein-conjugated rabbit antiserum 
to goat immunoglobulin, these investigators showed that the anitbodies to von Willebrand 
Factor that inhibited adhesion were bound to the platelet surface. They suggested that die 
interactions of multiple von Willebrand Factor molecules on the platelet surface with 
multiple sites on the collagen fibril could give rise to high affinity adhesion despite the 
rather weak individual interactions. (206, 355) In the studies by Santoro and colleagues 
(206, 355), and that of Morin and coworkers, (359) who showed that platelet adhesion to 
collagen was diminished in von Willebrand's disease, platelet adhesion was studied in the 
presence of EDTA to prevent platelet aggregation. As discussed elsewhere in this chapter, 
platelet adhesion to collagen in a medium containing EDTA is much less than in a medium 
containing physiologic concentrations of Ca^"", under conditions in which platelet aggre- 
gates are not present. (142, 273) It may be that von Willebrand Factor affects only the 
small part of platelet-to-collagen adhesion that is not dependent on divalent cations. The 
findings with antibodies to von Willebrand Factor are not readily reconciled with the 
observations thai suspensions of washed platelets that have been induced to release their 
granule contents by treatment with thrombin, and presumably have lost their releasable 
von Willebrand Factor, are readily aggregated by collagen, (360) Most of the evidence 
indicates that at low shear rates von Willebrand Factor appears to be unnecessary for 
platelet adhesion to collagen, although it does have a role at high shear rates. 

Role of von Willebrand Factor in Interaction of Platelets with 
Noncollagenous Microfibrils 

Fauvel and coworkers (34) have produced a noncollagenous microfibrillar extract of 
bovine aorta that caused platelet aggregation; this interaction was diminished by a defi- 
ciency of von Willebrand Factor in the plasma, or by a monoclonal antibody to glycopro- 
tein lb on the platelet surface, indicating that there may be another thrombogenic 
constituent of the vessel wall that is not collagenous and is dependent on von Willebrand 
Factor for its interaction with platelets. It is not clear, however, whether von Willebrand 
Factor is required for platelet adherence to these microfibrils; it may be necessary only for 
the induction of the release of platelet granule contents, which leads to platelet 
aggregation. 

Binding of von Willebrand Factor to Platelets 

Glycoprotein lb and Ristocetin 

In the Bernard Soulier syndrome, glycoprotein lb on the menribrane of platelets is 
absent or reduced in amount (246-249) and platelet adhesion to the subendothelium is 
impaired, resulting in prolongation of the bleeding time. (252, 253) Platelet aggregation in 
response to collagen is normal. (255) As in von Willebrand Factor deficiency, the effects 
of the lack of glycoprotein lb are most apparent in vitro under conditions of high shear 
rates, according to Weiss and associates. (287) Caen and colleagues, (361) however, dem- 
onstrated that a human IgG developed in a Bernard Soulier patient inhibited human 
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platelet adhesion to rabbit subendothelium at low shear rates, (362) Platelets from patients 
with the Bernard Soulier syndrome also fail to agglutinate in response to the antibiotic 
ristocetin in plasma containing normal amounts of von Willebrand Factor.(333,334) Sev- 
eral groups of investigators have shown that in the presence of ristocetin, von Willebrand 
Factor binds to a receptor on the surface of normal platelets, and that this binding is 
impaired with platelets from patients with the Bernard Soulier syndrome; (363-365) These 
findings have led to the theory that glycoprotein lb may function as a receptor for von 
Willebrand Factor on the platelet surface. However, ristocetin is not present in vivo, and 
no molecule with a similar function has been identified in blood or tissues, so the 
physiologic significance of the binding of von Willebrand Factor induced by ristocetin is 
not clear. Nevertheless, Legrand and coworicers (366) have suggested that in the Bernard 
Soulier syndrome there is a defective interaction between platelets and the microfibrils in 
the subendothelium, in which von Willebrand Factor normally takes part by binding to 
glycoprotein lb on the platelet membrane. A monoclonal antibody to human platelet 
glycoprotein I has been shown to inhibit platelet interactions with microbifrils and with 
coUagenase-treated subendothelium , (367) 

Binding of von Willebrand Factor to Stimulated Platelets 

It has been suggested that stimulation of platelets by aggregating and release-inducing 
agents such as ADP, thrombin, or collagen may be involved in making a receptor for von 
Willebrand Factor available on the platelet surface. Specific binding sites for von Wille- 
brand Factor have been reported to become available on the surface of platelets that have 
been treated with thrombin. (104, 340) George and Onofre (105) have shown that platelets 
suspended in an artificial medium release von Willebrand Factor in response to thrombin, 
and bind the released protein by means of a calcium-dependent mechanism. They suggest 
that this may provide a way in which platelets can concentrate and organize their secreted 
proteins for subsequent physiologic reactions such as hemostasis. Nachman (368) has 
suggested that subendothelial proteases may act like thrombin and induce von Willebrand 
Factor-receptor function in adhering platelets. 

However, the observations of Ruggeri and colleagues (103) with platelets from 
patients with Glanzmann's thrombasthenia provide evidence against the theory that the 
receptor for von Willebrand Factor that is exposed by thrombin treatment of platelets is 
involved in platelet adhesion to the subendothelium. They found that the specific binding 
of von Willebrand Factor to thrombin-stimulated platelets from thrombastenic patients is 
less than 20 percent of normal;(103) this is an indication that von Willebrand Factor binds 
to thrombin-stimulated normal platelets through glycoproteins lib and Ilia. Nevertheless, 
thronibastheriic pla^^^^ uridiniihiishea humbeirs to the sijbehdothelium,(320, 

369) although they do not aggregate in response to any aggregating agent, and they 
agglutinate and bind von Willebrand Factor in the normal way in response to risto- 
cetin. (103, 370, 371) Thrombasthenic platelets lack glycoproteins lib and Ilia, which 
results in their inability to bind fibrinogen and aggregate when they are activated by 
aggregating agents. (372) Since the adherence of thrombasthenic platelets to the suben- 
dothelium is not impaired if the amount of von Willebrand Factor in plasma is nor- 
mal, (320, 369) it is questionable whether the binding of von Willebrand Factor to the 
receptor exposed by thrombin treatment of platelets (assuming this receptor is the glyco- 
protein nb/nia complex) is involved in the adhesion of platelets to the subendothelium. 

Ruggeri and coworkers (106) also point out the difficulty of explaining why binding 
of von Willebrand Factor to thrombasthenic platelets stimulated with ristocetin is normal , 
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whereas binding to these platelets after they have been exposed to thrombin is abnormally 
low. It seems likely that under certain conditions, binding of von WUlebrand Factor to 
platelets can occur in two different ways. Glycoprotein lb has been identified as the 
binding site on platelets for von Willebrand Factor in the presence of ristocetin (373) and 
platelets from patients with Glanzmann's thrombasthenia have normal amounts of glyco- 
protein lb. (374) Another possibility is that glycoproteins lib and Ilia are involved in 
binding von Willebrand Factor to thrombin-treated, normal platelets, and that this binding 
differs from that involving glycoprotein lb and ristocetin. 

At least two attempts have been made to determine the relative contributions of these 
two binding sites. Green and MuUer (375) found that 70 to 90 percent of labeled von 
Willebrand Factor bound to platelets during ristocetin-induced agglutination, whereas 
only 2L5 percent bound to platelets aggregated with thrombin (2.5 U/ml). Using suspen- 
sion of washed platelets in a medium that did not contain any proteins, Harrison and 
McKee (376) also quantitated the binding of labeled von Willebrand Factor to platelets 
stimulated with ristocetin or thrombin. The amount of von Willebrand Factor that bound 
to platelets treated with thrombin in their experiments was only 6 percent of the amount 
that bound to platelets exposed to ristocetin. However, in neither of these studies was the 
release of platelet a-granule contents measured. If the thrombin caused more release of 
von Willebrand Factor than did ristocetin (which seems likely), the released von Wille- 
brand Factor would dilute the labeled von Willebrand Factor, resulting in deceptively 
lowered estimates of binding to thrombin-stimulated platelets. 

Thrombin is not the only aggregating agent that induces the binding of von Wille- 
brand Factor to platelets. Fujimoto and Hawiger (377, 378) have reported that treatment 
of platelets with ADP or the ionophore A23187 also leads to increased binding of von 
Willebrand Factor to them. Lahav and Hynes (379) have observed that when platelets 
adhere to collagen and spread on the suri'ace, they become able to bind von Willebrand 
Factor, probably in association with the release reaction induced by the platelet-collagen 
interaction, which reveals binding sites on the surface of platelets. Di Minno and cowork- 
ers (380) have reported binding of "Factor VIII" (undoubtedly von Willebrand Factor) to 
platelets stimulated by arachidonic acid, collagen, U-46619 (a stable analog of pros- 
taglandin endoperoxide/thromboxane Aj), thrombin, or ADP. 

Recent observations that von Willebrand Factor does not bind to ADP-stimulated or 
thrombin-stimulated platelets in the presence of fibrinogen at concentrations normally 
present in plasma, although it binds in the absence of fibrinogen,(381) cast doubt on a role 
for von Willebrand Factor binding to the glycoprotein Ilb/IIIa complex under physiologic 
conditions. It is evident that binding studies in the absence of other plasma proteins may 
yield deceptive results. 

There appear to be at least two sites on platelets with which von Willebrand Factor 
c^. int<?rpctr name^^^^ glycopratesin lb. and the ^lycQproteii?^ A monoclonal 

antibody against glycoprotein lb had no effect on the binding of von Willebrand Factor to 
platelets stimulated with thrombin or a combination of ADP with epinephrine, whereas a 
monoclonal antibody against the glycoprotein nb/DIa complex had no effect on ristocetin- 
induced binding of von Willebrand Factor to normal platelets. (106) It seems likely, 
however, that glycoprotein lb is a binding site involved in platelet adhesion. Evidence 
against a major role for the glycoprotein Ilb/IIIa complex is that thrombasthenic platelets, 
which lack this complex, adhere to the subendothelium in essentially normal numbers, 
and von Willebrand Factor does not bind appreciably to the complex in the presence of 
fibrinogen. Since the adhesion of platelet lacking glycoprotein lb is impaired at high shear 
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rates, binding of von Willebrand Factor at this site is probably involved in platelet 
adhesion under normal conditions. 

Role of Fibronectin 

There has been considerable interest in the possibility that fibronectin may be 
involved in the binding of platelets to collagen, or to other constituents of the subendpthe- 
lium. One group of investigators (382) has suggested that it may even be the receptor for 
collagen on platelets, but this seems unlikely. It is well established that fibronectin can 
bind to collagen. (382-385) Indeed, fibronectin is such an adhesive protein that it binds to 
almost eveiything with which it comes in contact. (386) Its role in cell adhesion and 
spreading in other systems has been demonstrated repeatedly. The domain of fibronectin 
that binds to collagen does not mediate cell interactions, however (386) The questions are, 
does fibronectin bind to collagen under in vivo conditions when collagen is exposed, and 
if so, to what extent does this binding promote platelet adhesion? The alternative possibil- 
ity, that fibronectin on the platelet surface takes part in adhesion to collagen seems less 
likely because very little fibronectin is present on unstimulated platelets (387) to take part 
in the initial stages of adhesion, A role in the later stages, however, cannot be ruled out. 

As pointed out by Hynes,(388) three sources of fibronectin are available to platelets 
when the subendothelium is exposed. Fibronectin is synthesized by endothelial cells, and 0 
large amounts are found in the basement membrane (387); plasma contains fibronectin at 
a concentration of 3(X) /ig/ml;(388) and the a-granules of platelets contain fibronec- 
tin-dlO, 379, 389-392) 

Fibronectin Binding to Stimulated Platelets 

Unstimulated platelets, and presumably the normal, circulating platelets, do not have 
appreciable amounts of fibronectin bound to their surface. (110, 385) When platelets are 
stimulated with thrombin, however, released fibronectin becomes bound to their surface 
(110, 387) and fibronectin added to the suspending medium will also bind to the platelet 
surface.(393) This binding is inhibited by EDTA.(393) Stimulation of platelets with ADP 
or epinephrine apparently does not reveal these fibronectin-binding sites,(393) but interac- 
tion with collagen may do so. (379, 390) In the experiments of Zucker and colleagues 
(390) with collagen, it was not established that fibronectin-binding sites became available; 
these investigators showed only that collagen caused the release of fibronectin and that 
aspirin inhibited its release. The results with aspirin indicate that thromboxane Aj was 
probably responsible for the release of fibronectin, but the effect of thromboxane A2 (or its 
precursor, arachidonic acid) has not been tested to determine whether stimulation of 0 
platelets in this way will make fibronectin-binding sites available. Fibronectin binds in 
^ undiminished amounts to thrombin-stimulated platelets ^fe 
let syndrome. (394) Since these platelets are deficient in or-granule contents, including 
fibrinogen and thrombospondin, it is unlikely that binding of fibronectin is mediated 
solely by fibrin or thrombospondin . 

It seems probable that any agent that causes the release of platelet granule contents 
will reveal the binding sites for fibronectin since the release reaction in response to 
thrombin and the appearance of fibronectin on the surface occur at similar rates. (Ill) If 
thrombin were found to be the only stimulus that would make these sites available (and 
this seems unlikely), then in order for platelets to adhere to collagen through bound 
fibronectin, thrombin would have to be generated at a site of vessel injury before fibronec- 
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tin could bind to the platelet surface. A niore reasonable hypothesis is that the surface of 
platelets that adhere to collagen is altered so that fibronectin can bind to them, and that this 
fibronectin takes part in the spieading of platelets on collagenous surfaces, (379, 395-397) 

Site of Fibronectin Binding to Platelets 

The site on the surface of stimulated platelets to which fibronectin binds has not been 
definitely identified although there have been some investigations directed at determining 
its nature. (The possibility that thrombospondin may have a role is discussed later) A 
fibronectin-binding glycoprotein has been isolated from human platelet membranes. (398) 
The observations of Ginsberg and associates (399) that thrombasthenic platelets, upon 
stimulation with thrombin, bind very little fibronectin (either fibronectin released from the 
platelets or fibronectin added to the suspending medium) points to a role for the complex 
of glycoproteins lib and Ilia that becomes available when platelets interact with aggregat- 
ing agents. This complex has been recognized as the receptor for fibrinogen on the surface 
of stimulated platelets and it has also been suggested as a binding site for von Willebrand 
Factor as a result of similar experiments with thrombasthenic platelets. (103) Whether or 
not fibronectin and von Willebrand Factor bind to this glycoprotein complex in the 
presence of normal plasma concentrations of fibrinogen has not been established, nor 
indeed, has the effect of fibrinogen been studied on the binding of fibronectin to normal 
platelets that have undergone a release reaction. This type of experiment could not be 
done with thrombin, of course, and it would have to be shown that other strong release- 
inducing agents make the fibronectin-binding sites available before the effect of fibrino- 
gen on the binding could be assessed. 

The complex of glycoproteins lib and Ilia of aggregated platelets has been shown to 
be attached to the platelet cytoskeleton (400) and fibronectin can bind to act in. (401) Thus 
the demonstration by Bensusan and associates (382) that when washed platelets were 
reacted with collagen fibers and then sonicated, fibronectin and the contractile proteins 
myosin, actin, and tropomyosin remained attached to the collagen, may indicate that the 
fibronectin took part in the binding via attachment to the complex of glycoproteins lib and 
Ilia, although these glycoproteins were not identified in the mixture after sonication. 

Effect of Fibronectin on Platelet Adhesion to Collagen 

Bensusan and colleagues (382) have suggested that fibronectin is the collagen recep- iD 
tor on platelet membranes. There are now several pieces of evidence iridicating that this is 
unlikely. Santoro and Cunningham (285) have demonstrated that treatment of platelets 
with purified antibody or Fab' fragments to fibronectin only slightly reduces platelet 
adhesion to collagen, and Sochynsky and coworkers (402) also found diat pretreatment of 
platelets with antibodies to fibronectin did not inhibit the adhesion of platelets to collagen. 
As Mosher (389) has po^^^^ out, the sequence of the a KHI) chain of type III collagen 
that has been shown to be involved in platelet adhesion to coUagen (239) does not 
resemble the sequence of the site on type I collagen that is recognized by plasma fibronec- 
tin. Very little fibronectin is present on unstimulated platelets (110, 387) to take part in the 
initial stages of adhesion; platelets suspended in artificial media without fibronectin, 
however, do adhere to purified preparations of collagen, and fibronectin released from the 
platelets could be involved in the later stages of spreading of platelets on the sur- 
face. (395-397) It will be of interest to find out whether gray platelets that lack a-granules, 
and therefore presumably lack releasable fibronectin, will adhere normally to collagen in a 
plasma-free system. This possibility does not seem to have been investigated. The experi- 
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ments of Reimers and associates (360) with platelets that were degranulated with thrombin 
do not provide a definitive answer, although these platelets had presumably released their 
fibronectin. These platelets aggregated normally in response to collagen and adhered to a 
coUagen-coiated surface, but the possibility cannot be ruled out that released fibronectin 
remained bound to their surface and took part in the interaction with collagen . 

Several groups of investigators have reported that preincubation of collagen with 
fibronectin interferes with the interaction of collagen with platelets; these findings have 
been interpreted in different ways, Bensusan and colleagues (382) used them as evidence 
that fibronectin on the platelet surface was involved in the adhesion of platelets to colla- 
gen, and that this platelet fibronectin could not bind to collagen to which fibronectin 
was already attached. In contrast, Moon and Kaplan (403) took the observation that 
added fibronectin prolonged the lag time of collagen-induced aggregation to support a 
theory that plasma fibronectin was an inhibitor of the reaction of platelets with collagen, 
Sochysnsky and coworkers, (402) on the basis of results similar to Bensusan and associ- 
ates,(382) concluded that plasma fibronectin would inhibit the adhesion of platelets to 
collagen. In contrast, Chazov and colleagues (404) have reported that fibronectin 
enhances the adhesion and spreading of platelets on a surface coated with fibrillar 
collagen. 

Although the report that fibronectin corrected defective collagen-induced aggregation 
in a relative with a variant of Ehlers-Danlos syndrome has been taken as support for the 
theory that fibronectin is required for the interaction of platelets with collagen,(405, 406) 
the platelets from these patients were abnormal in other ways. (405) For example, they did 
not undergo the second phase of aggregation in response to ADP in citrated platelet-rich 
plasma- Since fibronectin is not required for ADP-induced aggregation, (390, 407) the 
failure of these platelets to aggregate in response to collagen may not be entirely attribut- 
able to a lack of functional fibronectin. 

What is to be concluded from these studies of fibronectin? There is no doubt that 
fibronectin binds to collagen and binds to the surface of stimulated platelets. It is unlikely, 
however, to be the "receptor" for collagen on the platelet surface, or to take part in the 
initial interaction of platelets with collagen. Fibronectin may be involved in platelet 
spreading on collagen and firm attachment to it. If so, its role may be limited and there 
may be other adhesion mechanisms that are equally or more important. (285) The role of 
fibronectin in platelet adhesion to collagen in the presence of normal plasma concentra- 
tions of the other proteins that may compete for its binding site on platelets remains to be 
determined. A possible role for fibronectin in platelet adhesion to other constituents of the 
vessel wall has received little attention, probably because of the technical difficulties of 
such studies. 

Role pfjikrpnec^^ in the Interaction of Platelets with Fibrin 

The possibility of a role for fibronectin in platelet adhesion to fibrin has not been 
explored, although it is known that fibronectin becomes covalently crosslinked to fibrin 
during clotting (408) and that platelets adhere to polymerizing fibrin (15) and are required 
for clot retraction. During fibrin formation, the platelets are stimulated by thrombin, and 
their fibronectin-binding sites would become available, as well as their fibrinogen-binding 
sites, regardless of whether or not these sites are identical- It is not known whether 
crosslinking of fibronectin to fibrin enhances the adhesion and spreading of platelets as it 
does fibroblasts. (409) Several interactions could take place simultaneously. These interac- 
tions could be of importance in the adhesion of platelets to repeatedly damaged vessels, or 
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to diseased vessels, where thrombin and fibrin appear to have major roles in the accumula- 
tion ofplatelets,(17, 38) 

The Role of Thrombospondin in Platelet Interactions 
with Collagen 

Thrombospondin has been identified as the lectin-like material that becomes available 
on the surface of platelets that have released their granule contents under the influence of 
strong release-inducing stimuli such as thrombin or the divalent cation ionphore 
A23187.(107, 109, 410-412) Thrombospondin appears to be the a-granule protein that 
has been identified by Phillips and colleagues (108) as glycoprotein G, and earlier, by 
Baenziger and associates as thrombin-sensitive protein,(413) It has been suggested that 
thrombospondin on one platelet may form links with fibrinogen on an adjacent platelet to 
contribute to platelet aggregation in response to release-inducing agents-(107, 311) 
Thrombospondin is synthesized and secreted by endothelial cells (414, 415) and fibro- 
blasts. (416) Since thrombospondin can bind to fibronectin (310, 311) and both of these 
proteins are present at sites of vessel injury, it may be that thrombospondin on the surface 
of activated platelets can bind to fibronectin that is attached to collagen or is present in the 
subendothelium. As mentioned previously, however, fibronectin binds in normal amounts 
to thrombin-stimulated platelets from patients with the gray platelet syndrome that lack 
thrombospondin and fibrinogen. (394) This observation indicates that thrombospondin on 
the surface of activated platelets is not essential for the binding of fibronectin to them. 

Role of Complement in Platelet Interactions 
with Collagen 

. Although complement bound to the platelet membrane does not appear to be involved 
in platelet adhesion to collagen, it may have a role in the subsequent events of release of 
granule contents, and aggregation. (417) Platelets from dogs decomplemented with cobra 
venom factor do not aggregate in response to collagen, but do adhere to collagen 
fibers. (417) Platelets from C6-deficient rabbits aggregate normally in response to colla- 
gen,(418) but platelets from guinea pigs lacking C4 do not.(419) The platelets from the C- 
4 deficient animals, however, adhere normally to collagen. (4 19) Antisera to CI, C3, and 
C5 was also shown to inhibit collagen-induced platelet aggregation, but adhesion was not 
studied under these conditions. (4 17) One theory that has been advanced is that coUageii to 
which platelets are adherent may activate their membrane-bound complement,(417) since 
collagen has been shown to activate CI. (420) (See section on "Inhibitors with Structural 
Similarities to Collagen" for a discussion of the effects of Clq and Cls.) 

ROLE OF PROTEOGLYCANS IN THE INTERACTION OF 
PLATELETS WITH COLLAGEN 

Little attention has been paid to the fact diat in vivo, collagen is usually coated with 
proteoglycan, (421, 422) which undoubtedly modifies its interaction with platelets and 
affects its binding with fibronectin to which some proteoglycans also bind. (386, 389, 
422-425) Heparin, highly sulfated heparan sulfate and hyaluronic acid have been reported 
to enhance the interaction of fibronectin with collagen. (426-428) Proteoglycans can also 
interact with thrombospondin. (429) Methods used to extract collagen from tissue (such as 
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extraction with high molar salt solutions) remove proteoglycans so that their effects are 
not present in the in vitro test systems of platelet adhesion or aggregation . (423) Rich and 
coworkers (430) have shown that proteoglycans from cartilage inhibit the adhesion and 
spreading of fibroblasts on collagenous surfaces, but similar experiments do not appear to 
have been done with platelets. The few reports concerning proteoglycans, collagen, and 
platelets are concerned with collagen-induced aggregation rather than adhesion. Muir and 
Mustard (431) showed that a chondroitin-4-sulfate-peptide potentiated collagen-induced 
platelet aggregation, but other investigators have reported inhibition by high concentra- 
tions of choridroitin sulfate. (23) Zucker-Franklin and Rosenberg (23) found that platelets 
did not adhere to unextracted bovine or human cartilage and that cartilage did not aggre- 
gate platelets, but after removal of proteoglycan by extraction with 3 Af guanidine hydro- 
chloride, the collagen that remained caused aggregation. They isolated a proteoglycan 
subunit that inhibited coUageri-induced aggregation, but did not affect ADP-induced 
aggregation- Since this subunit also inhibited polylysine-induced agglutination, they sug- 
gested that platelet interaction with collagen may involve suitably spaced polar groups on 
collagen and platelets rather than a specific receptor on the platelet surface. More recently, 
Ts*ao and Eisenstein (423) showed that preincubation of human collagen from skin with 
proteoglycan from bovine cartilage inhibited the ability of the collagen to aggregate 
human platelets, whereas preincubation with proteoglycan from bovine aorta did not. It is 
apparent that the information currently available is insufficient to permit the development 
of a clear picture as to the possible role of proteoglycans in regulating platelet interactions 
with collagen or other components of the subendothelium. 



ENZYMATIC MODIFICATIONS OF THE PLATELET SURFACE 

A few investigators have examined the effect of modification of the surface of 
platelets on their ability to adhere to collagen and on collagen-induced aggregation of 
platelets. Removal of over 50 percent of the sialic acid residues on the platelet surface by 
neuraminidase treatment does not inhibit platelet adherence to a collagen-coated surface 
and does not diminish, but slightly enhances, the extent of collagen-indiiced aggrega- 
tion. (432) Adherence to the subendothelium is also unaffected by treatment of platelets 
with neuramindase.(89, 432) Treatment of platelets with periodate to oxidize terminal 
sialic acid residues, however, diminishes platelet adherence to collagen and the suben- 
dothelium, and inhibits collagen-induced aggregation. (433) It must be emphasized, how- 
ever, that periodate undoubtedly oxidizes other components of the platelet membrane and, 
in this way may affect the ability of platelets to adhere to collagen. In the experiments of 
Cazenave and associates, pretreatment of platelets with the proteolytic enzymes thrombin, 
plasmin; chymotrypsin, and trypsin reduced platelet adhesion to a collagen-coated surface 
or to the subendothelium.(137, 434) The pretreatment of the platelets with chymotrypsin 
(which did not cause release of amine storage granule contents) diminished the extent of 
platelet aggregation and release of granule contents caused by collagen, but did not 
prevent the responses completely, although the PAS-staining of glycoprotein I was com- 
pletely abolished, indicating that the PAS-staining glycopeptide of glycoprotein I had 
: b^^ removed by the treatment with chymotrypsin,(435) Santoro and Cunningham,(285) 
using a different assay system, also found that treatment of platelets with chymotrypsin 
reduced their ability to adhere to collagen by more than 50 percent. More recently, 
however, Lahav and Meyer (436) reported that pretreatment of platelets with chymotryp- 
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sin did not affect platelet adhesion to collagen fibers coated onto a glass surface. One can 
only speculate that these contradictory results are attributable to the differences in the 
systems used to measure platelet adhesion or the extent of the pretreatment with chymo- 
trypsin.(435) Cazenave and colleagues (137, 273) used platelets in a Ca^* -containing 
medium with apyrase to degrade released ADP and a hematocrit of 40 percent; after 
adhesion had taken place, the surfaces were rinsed in EDTA to remove platelets that might 
have aggregated on the platelets that had adhered to collagen.. Lahav and Meyer (436) 
used platelets suspended in a solution containing EGTA to prevent platelet aggregation. 
Chelation of Ca^* with EGTA and EDTA is known to inhibit platelet adhesion to a large 
extent,(l, 33, 273, 434) so these investigators may have been studying only part of the 
platelet-adhesion reactions. Chelation of divalent cations cannot provide a complete 
explanation for the discrepancy, however, because Santoro and Cunningham (285) studied 
adhesion in a medium containing EDTA and obtained results with chyihotrypsin-treated 
platelets that agree with those of Ca2enave and associates, (137, 434) 

A similar discrepancy was observed with thrombin-treated platelets. Cazenave and 
coworkers found partial inhibition of platelet adhesion to collagen or the subendothe- 
lium,(137, 434) whereas Lahav and Meyer (436) reported no inhibition of adhesion to 
collagen fibers. Both groups agreed, however, that pretreatment of platelets with trypsin 
decreased the ability of platelets to adhere to collagen. 

EFFECT OF PLATELET AGE ON PLATELET ADHESION 

A possible relationship between the changes of platelet membrane glycoproteins that 
may occur as platelets age, and their ability to adhere to collagen has not been established. 
Hirsh and colleagues, (290) using rabbit platelets labeled in vivo with ^^S to obtain labeled 
populations of young or old platelets, found that the young platelets preferentially adhered 
to collagen in platelet-rich plasma anticoagulated with EDTA. They also demonstrated 
that the infusion of collagen into rabbits with young ^^S-labeled platelets caused a fall in 
the specific radioactivity of the circulating platelets, whereas infusion into rabbits in 
which the ^S-labeled platelets had been allowed to age did not change the specific 
radioactivity of the circulating platelets. They concluded that young platelets adhered to 
collagen more readily than older platelets. Although Spaet and Lejnieks (281) interpreted 
their own results, showing that all the platelets in suspension adhered to collagen, as an 
indication that platelets of all ages could adhere, the two studies are not necessarily 
contradictory- Spaet and Lejnieks (28 1) used a large excess of collagen whereas Hirsh and 
colleagues (290) used a lesser amount so that all of the platelets did not adhere. This 
permitted them to identify the ones that adhered less readily as the older platelets. Since 
th^$pj^ariy stu^^^^ young platelets adhere 

more readily to collagen fibers than randomly aged platelets. 



PLATELET ADHESION TO FIBRIN 

The ability of platelets to adhere to fibrin has been recognized for some time, because 
of evidence arising from morphologic examination of hemostatic plugs and thrombi, and 
from the phenomenon of clot retraction. Hemostatic plugs and thrombi are stabilized by 
the fibrin that forms on their surface and among the aggregated platelets at the periphery 
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of the plug or thrombus .( 1 0 , 4 1 , 70) This fibrin is formed under the influence of thrombin 
generated at the surface of platelets that have undergone the release reaction; platelet 
factor 3 becomes available on their surface and accelerates two steps of the intrinsic 
coagulation pathway, leading to local formation of thrombin. Platelets appear to adhere to 
fibrin as it polymerizes (15, 437, 438); they do not adhere to fully polymerized fibrin if 
the thrombin that caused its formation has been neutralized. (182) The interaction of 
platelets with polymerizing fibrin is inhibited by EDTA, but adhesion of platelets to the 
polymerizing fibrin is not inhibited by agents such as PGE| or apyrase, which inhibit 
aggregation. Electron micrographs have shown platelets adherent to fibrin in retracting 
clots (439, 440); in some sections, platelets appear to have engulfed fibrin particles. (440) 

Several investigators have observed fibrin between platelet aggregates and damaged 
vessel walls in deep injuries, or on repeatedly injured sites where a neointima composed 
of smooth muscle cells has formed. (18, 38^1) The conclusions from these findings are 
that thromboplastin from the damaged cells accelerates the extrinsic coagulation pathway 
and that, as fibrin polymerizes, it adheres to the damaged cells; platelets in the blood 
flowing past the polymerizing fibrin then adhere to it, so the plug or thrombus is initiated 
by platelet adhesion to the polymerizing fibrin adherent to the injured vessel wall. 

The fact that activated platelets and polymerizing fibrin are required for clot retraction 
is strong evidence that platelets adhere to polymerizing fibrin during this process. Clot 
retraction occurs under flie influence of thrombin in whole blood, in platelet-rich plasma, 
or in suspensions of isolated platelets, provided fibrinogen is present. It seems likely that 
the fibrinogen receptor on platelets is involved in their interaction with fibrin because 
thrombasthenic platelets, which lack the glycoprotein Hb/IIIa complex that, with Ca^*, 
constitutes this receptor, are unable to cause clot retraction.(441) In addition, if this 
reversible receptor is not made available on the platelets, clot retraction does not occur. 
This has been demonstrated in experiments in which fibrin has been formed under the 
influence of reptilase, which does not stimulate platelets; unless the platelets in the clot 
are stimulated by an aggregating agent such as ADP or arachidonic acid, which makes the 
fibrinogen receptor available, clot retraction does not occur. (437, 442-445) Inhibitors 
such as PGE, that prevent the fibrinogen receptor becoming available in response to 
aggregating agents,(l 12, 446) also inhibit clot retraction. (447, 448) 

The in vivo equivalent of clot retraction is the consolidation of hemostatic plugs and 
thrombi. The adhesion of polymerizing fibrin to platelets and other cells such as fibro- 
blasts, leukocytes, and endothelial cells (437, 449) is probably important in repair proc- 
esses after vessel wall injury. It has also been suggested that clot retraction may pull the 
sides of a wound together or facilitate recanalization of thrombosed vessels by pulling the 
clot away from one side of the vessel wall, and based on in vitro experiments, a possible 
role in clot lysis has received recent support. (450) 

It is evident that under circumstances in which fibrin formation plays a major part in 
the initiation of thrombi, drugs that inhibit the generation of thrombin or prevent its action 
on fibrinogen and platelets are likely to be more effective in limiting thrombus formation 
than drugs that affect only platelet function. 



PLATELET ADHESION TO WHITE BLOOD CELLS 

Normally, platelets do not interact with leukocytes in vivo. However, as pointed out 
by Needleman and Hoak,(451) the abundance of these two cell types in white bodies is 
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too great to result from passive adsorption. These authors suggest that their mutual affinity 
for polymerizing fibrin (437) may be responsible for their occurrence together, or that 
chemotactic factors formed or released by platelets may attract leukocytes. (452-455) 
Alternatively, leukocytes may further platelet adhesion by damaging the endothe- 
lium.(451) 

Platelets have been observed adherent to the large number of macrophages that 
become associated with the vessel wall lesions of animals given hypercholesterolemic 
diets for prolonged periods of time. (55) 

In the rare abnormal condition variously termed platelet satellitism, granulocyte- 
platelet rosette formation, platelet neutrophil adherence, or platelet-to-leukocyte adher- 
ence pheonomena (FLAP), platelets in plasma anticoagulated with EDTA adhere to 
polymorphonuclear leukocytes and are phagocytosed by them. (456-464) The rosettes are 
not observed in blood that does not contain an anticoagulant, so any in vivo significance is 
obscure. FLAP has been described in association with thrombocytopenia,(458) with an 
inherited platelet defect that is similar to that of storage pool-deficient platelets,(464) with 
diabetes, (463) with Behcet*s disease,(457) with thrombocytopenic puipura associated 
with malignant lymphoma, (462) and with several other diverse conditions, but no consist- 
ent pattern related to specific disease states has emerged. The abnormality appears to be 
caused by a factor in plasma in some cases, (462) and in others, by a platelet abnormal- 
ity.(463) 

PLATELET INTERACTIONS WITH TUMOR CELLS 

Platelets are aggregated by some tumor ceils and by membrane fragments isolated 
from these cells. (465-469) It is apparent that platelet adhesion to the tumor cells must 
occur, but this aspect of the interaction does not appear to have been examined in detail. 
Aggregation is demonstrable in heparinized, but not in citrated platelet-rich plasma, and a 
requirement for Mg^^ has been identified. (468) According to Donati and associates, (466) 
the binding of tumor membrane fragments or vesicles to platelets requires activation of the 
first four components of the complement system. It has been suggested that platelet 
aggregation then results from the generation of thrombin by the tumor- vesicle-platelet 
complex. (470) 



ADHESION TO PARTICULATE MATERIALS AND PHAGOCYTOSIS 
BY PLATELETS 

Early observations of the ability of platelets to adhere to and, in some cases, phagocy- 
tose particulate matter have been reviewed previously. (471) Among the materials that 
have been investigated are thorotrast, polystyrene (latex) particles, ferritin, viruses, fat 
particles, silicone dioxide, colloidal carbon, antigen-antibody complexes, malarial para- 
sites, and a number of types of bacteria. (406, 472-488) 

Many investigators have studied the phagocytosis of latex particles by platelets. In 
citrated platelet-rich plasma, these particles adhere to platelets, are found in invaginations 
in the membrane and, within a few minutes, can be observed within the platelets. (471, 
481) This process causes the release of the contents of platelet granules and results in 
platelet aggregation.(471 , 489, 490) White (480) has emphasized, however, that uptake of 
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latex particles by platelets differs from phagocytosis by leukocytes, in that bacteria enter 
neutrophils in sealed vacuoles derived from the cell wall, and the products deposited in the 
vacuoles during neutrophil degranulation remain in the vacuoles and are not released to 
the exterior. 

Inhibitors of aggregation (AMP, adenosine) do not interfere with phagocytosis by 
platelets (471), nor do inhibitors of cyclo-oxygenase that prevent the formation of throm- 
boxane A2,(481) but metabolic inhibitors do inhibit phagocytosis of latex particles. (475, 
478, 479) In eariy studies, it was observed that EDTA greatly diminished phagocytosis 
and prevented aggregation, although it did not prevent the adherence of the particles to the 
platelets, nor the release of granule contents. (471, 475, 491) These observations were 
taken as indicating that divalent cations are required for phagocytosis, but not for adhe- 
sion. More recently, Lewis and colleagues (481) reported that they observed no difference 
in the extent of phagocytosis of latex particles in plasma from blood anticoagulated with 
citrate or EDTA. Zucker-Franklin (482) also was able to study phagocytosis in the 
presence of EDTA. The reason for this discrepancy concerning a requirement for divalent 
cations is not clear. With isolated platelets in artificial media, coating the latex particles 
with fibrinogen increased adhesion in comparison to uncoated, or albumin-coated parti- 
cles, but had little effect on the release of platelet constituents, whereas coating the 
particles with 7-globulin resulted in extensive release of the contents of platelet gran- 
ules, (489) This observation is undoubtedly related to similar events resulting from the 
phagocytosis of antigen-antibody complexes by platelets. (476) Lewis and coworkers 

(481) have concluded that the phagocytosis of latex particles by platelets is chronologi- 
cally similar to that reported for polymorphonuclear leukocytes. This conclusion is based 
on their observations that there was a progressive accumulation of the particles in the open 
canalicular system of platelets, followed by localization in electron-opaque vacuoles; after 
60 minutes, acid phosphatase (a lysosomal granule marker) was localized within the latex- 
containing vacuoles, indicating that these vacuoles are phagosomes, whereas these vacu- 
oles did not stain with alkaline-bismuth, which stained the external membranes and the 
membranes of the open canalicular system. Lewis and associates (481) suggested that the 
sequence of events is adhesion of the particles to the surface of the platelets, sequestration 
into the open canalicular system, and finally the formation of phagocytic vacuoles through 
a process requiring metabolic energy.(475, 478, 479) These conclusions differ from the 
eariier suggestion of White (480) that most of the latex particles remained in channels of 
the open canalicular system that are not pinched off to form sealed phagocytic vacuoles. 

On the basis of electron microscopy of freeze-fractured platelets, Zucker-Ftanklin 

(482) has proposed that large particles (such as latex particles) are taken up in a different 
fashion from small particles, although both must adhere to platelets initially. She has 
suggested that large particles are taken up by membrane invaginations that are apparently 
independent of the pits believed to represent entrances to the open canalicular system; this 
process is thus similar to phagocytosis by leukocytes, and would require metabolic 
energy. However, she was unable to observe any fusion of granules with the vacuoles 
formed by the invagination of the plasma membrane, although this has been observed 
repeatedly in other cells. In contrast to the route of entry of large particles, Zucker- 
Franklin (482) observed that small particles (such as cationized ferritin) appeared to enter 
the open canalicular system through a process of membrane flow that is not dependent on 
metabolic energy. Eariier investigators had come to a similar conclusion regarding the 
uptake of small particles. (492-494) 
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interactions of Platelets with Bacteria 

Many investigators have demonstrated that platelets adhere to a wide variety of 
bacteria and interact with them, but only a few have claimed that platelets actually 
phagocytose bacteria in a manner similar to phagocytosis by leukocytes. Many kinds of 
bacteria (both gram-positive and gram-negative) have been shown to induce platelet 
aggregation and cause the release of platelet granule contents. As pointed out by Herzberg 
and colleagues (488) interactions between platelets and bacteria are likely involved in 
septicemia, disseminated intravascular coagulation, and bacterial endocarditis. Studies 
with "'In-labeled platelets show that platelets localize at sites of bacterial infection 
induced in experimental animals. (495) Clawson and White have shown by electron 
microscopy that platelets bind irreversibly to some bacteria (for example, Staphylococcus 
aureus) and as a result, the platelets aggregate and release granule contents. (486, 487) 
Adhesion requires divalent cations and the platelet changes are similar to those that occur 
when platelets adhere to collagen. (487) The bacteria are trapped within the platelet 
aggregates, but they are seldom seen within the platelets themselves.(487, 496) Although 
platelet interaction with bacteria can occur to some extent in the absence of plasma.(406, 
496) it is potentiated by plasma proteins such as fibrinogen, (406, 496-498) immunoglob- 
ulin G,(499, 500) or components of the complement system.(501) Herzberg and associ- 
ates (488) showed that the adhesion step of the interaction of platelets with Streptococcus 
sanguis was mediated by protease-sensitive components on the surfaces of the strepto- 
cocci and of the platelets, involving siirface microfibrils on Streptococcus sanguis, and 
that Ca^ ^ was not required , 

With some bacteria, it may be the antigen-antibody complex, formed between the 
bacteria and antibodies in plasma, with which the platelets interact. (499) Thrombocytope- 
nia is a frequent complication of bacterial infections, and Zimmerman and colleagues 
have suggested that the reaction among organisms such as pneumococci, antibodies 
present in most normal plasmas, and platelets, may be responsible for thrombocytopenia 
accompanying infections with such microorganisms. (499) 

Endotoxin also interacts with platelets, but this aspect of platelet adhesion is beyond 
the scope of this review. 

Reaction with Antigen-Antibody Complexes 

The literature concerned with the reaction of platelets with antigen-antibody com- 
plexes is too extensive to be reviewed here. There is no doubt that platelets adhere to 
antigen-antibody complexes and are activated by them. In some species (e.g., man) 
adherence is through Fc receptors on the platelet membrane. In species that lack Fc 
receptors (e.g., rabbit), adherence appears to be mediated through C3 of the complement 
"system. (502) 



PHAGOCYTOSIS OF PLATELETS 

Platelets are phagocytosed by polymorphonuclear leukocytes and monocytes in 
citrated plasma, (475) and by polymorphonuclear leukocytes and macrophages in 
thrombi. (183, 503. 504) As pointed out previously,(471) it may be only platelets that have 



258 



Packham and Mustard 



been altered by ingesting particulate matter, or by other stimuli, that can subsequently be 
removed by other phagocytic cells. Under some circumstances, opsonization of platelets 
by antiplatelet antibodies has been found to promote phagocytosis of platelets by leuko- 
cytes. (505, 506) This has been shown in vitro, but it may be involved in vivo in idiopathic 
thrombocytopenic purpura (ITP), in which antiplatelet antibodies are present and may 
promote the clearance of the sensitized platelets by the liver and spleen. Corticosteroids 
interfere with phagocytosis of platelets in FTP, (507) possibly by interfering with the initial 
adhesion reaction . (508) 

The ability of macrophages to phagocytose platelets has been used as a means of 
delivering vinblastine-loaded platelets to these cells to destroy them. This technique has 
been reported to be successful in some cases of immune thrombocytopenia or autoimmune 
hemolytic anemia by Ahn and colleagues, (509, 510) although other investigators have 
found it to be beneficial in only an occasional patient with immune thrombocytope- 
nia. (5 11) Panasci and coworikers have used vinblastine-loaded platelets to treat patients 
with thrombocytopenia associated with tumors that phagocytose platelets. (5 12) 

Removal of Platelets from the Circulation 

When it is timej-for a platelet to die, it undoubtedly adheres to phagocytic constitutents 
of the reticulo-endothelial system that are responsible for its removal from the circulation. 
This process is not well understood, but, by analogy with the removal of desialylated red 
blood cells, it may be carried out by the Kupffer cells of the liver and by mononuclear 
spleen cells. (513) It is known that platelets that have been treated with neuraminidase to 
remove surface sialic acid, or with proteolytic enzymes that remove glycopeptides ftom 
membrane glycoproteins, are rapidly cleared from the circulation. (432, 514) It is not 
known whether loss of these membrane components is responsible for removal of platelets 
at the end of their life span. It may be that the shortened platelet survival associated with 
continuous vessel injury is a result of the action of proteolytic enzymes on platelets, since 
administration of epsilon aminocaproic acid, an inhibitor of proteolytic enzymes such as 
plasmin, prolongs the shortened platelet survival caused by continuous vessel injury. (5 15) 

Platelet survival is shortened in idiopathic immune thrombocytopenia and the amount 
of IgG associated with the platelets is greater than normal. (516) Adhesion of platelets to 
phagocytic cells is enhanced when IgG is bound to the platelets. (5 17) It has been sug- 
gested that if old platelets were altered in such a way that they could bind more IgG than 
young platelets, this opsonization might play a part in the clearance of the older platelets 
by macrophage phagocy tois .(517,518) 

ABNORMALITIES RESPONSIBLE FOR DECREASED ADHESION 

Several congenital abnormalities effect platelet adhesion to collagen or the suben- 
dothelium. At high shear rates, lack of plasma von Willebrand Factor diminishes platelet 
adhesion. Platelets from patients with the Bernard Soulier syndrome lack glycoprotein lb 
and fail to bind von Willebrand Factor in the presence of ristocetin. Their ability to adhere 
to the subendothelium at high shear rates is also impaired. Antibodies to glycoprotein I 
inhibit platelet adhesion to the subendothelium (361) and to coUagenase-treated suben- 
dothelium. (367) Both of these abnormalities are discussed in detail elsewhere in this 
chapter (see section on Binding of von Willebrand Factor to Platelets). 
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In Glanzmann's thrombasthenia, platelet adhesion to the subendothelium was shown 
to be normal, as tested in the Baumgartner perfusion chamber. (320, 369) As would be 
expected, no platelet aggregates formed. Baumgartner and associates (320) also investi- 
gated the adhesion of thrombasthenic platelets to the fibrillar collagen of the subendothe- 
lium after it had been digested with chymotrypsin. They obsersf^ed that platelet adhesion 
(contact plus spread platelets) tended to be low, but they suggested that low platelet counts 
and a low hematocrit may have been responsible. Surface coverage with "contact" 
platelets was higher than in controls and their detailed morphologic study showed that 
fewer platelets were spread on the surface, although the "contact" platelets had lost dieir 
granule contents. These observations were interpreted as an indication that thrombas- 
thenic platelets do not move along the collagen fibrils to the solid surface of the internal 
elastic lamina as normal platelets do. (320) It is evident, however, that glycoproteins lib 
and Ilia, which are missing fix)m thrombasthenic platelets, do not have a significant role 
in platelet adhesion to the subendothelium or to collagen. 

In storage-pool disease (deficiency of dense granules) platelet adhesion was found to 
be decreased by about 40 percent in 4 of the 6 patients studied by Weiss and col- 
leagues. (135) Aldiough large thrombi did not form, some small thrombi were observed. 
Adhesion to the collagen fibrils of chymotiypsin-treated subendothelium was also 
impaired in 3 of 6 patients tested. (320) The investigators concluded that these storage 
pool-deficient platelets had a defect in their ability to spread on the surface. Similar 
observation were obtained with storage pool-deficient rat platelets. (5 19) 

Probably because individuals with the gray platelet syndrome (a-granule deficiency) 
are extremely rare, no reports have appeared concerning the ability of these platelets to 
adhere to the subendothelium. 

In the single patient with a variant of Ehlers-Danlos syndrome in which fibronectin 
corrected the defect in collagen-induced platelet aggregation,(405) no attempt was made 
to measure platelet adhesion. As mentioned earlier, aggregation responses to other aggre- 
gating agents were also abnormal so the nature of the defect is not entirely clear. 

INHIBITORS OF PLATELET ADHESION 

Many inhibitors of platelet aggregation have been examined for their effects on 
platelet adhesion. These studies have had at least two aims: to determine whether drugs 
can be used to inhibit the first event in thrombus formation on injured blood vessel, and to 
investigate the biochemical reactions involved in platelet adhesion. 

Inhibitors with Structural Similarities to Collagen 

The peptide fragments of collagen that block the interaction of platelets with collagen 
have been discussed earlier (235, 241) and the inhibitory effect of poly-L-hydroxyproline 
has been mentioned. (145, 229) Another molecule that is structurally similar to part of the 
collagen molecule is CI q, a subcomponent of the first component (CI) of die complement 
systein.(520, 521) Several investigators have shown that Clq inhibits collagen-induced 
platelet aggregation. (522-526) Platelet adhesion to collagen (types I and III) is also 
inhibited. (522, 525) It appears that die portion of Clq responsible for these effects is the 
A chain of Clq, which contains collagen-like amino acid sequences. (525) In contrast to 
monomeric Clq, aggregated Clq behaves like collagen and induces the release of the 
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contents of platelet granules. (522) It seems probable that Clq becomes associated with 
the sites on the platelet membrane that normally interact with collagen and hence, pre- 
vents platelet adhesion to collagen and the subsequent reactions. 

Cls (another subcomponent of CI) has also been shown to inhibit platelet adhesion to 
types I and HI collagen, and collagen-induced platelet aggregation. (527) Since Cls binds 
to Clq through the collagen-like moiety of the latter, it has been suggested that Cls exerts 
its inhibitory effect by binding to collagen and preventing platelet adhesion by blocking 
the sites on the collagen molecule to which platelets adhere. 

Inhibition by Chelation of Divalent Cations 

The inhibitory effect of chelation of divalent cations on platelet adhesion to collagen 
or the subendothelium has already been described (see Role ofCa^* and Mg^* in Platelet 
Adhesion). 

Inhibition by Suif hydryl Inhibitors 

Some years ago, Al-Mondhiry and Spaet (528) showed that the penetrating sulfhydryl 
inhibitors N-ethyl maleimide (NEM) and p-hydroxymercuribenzoate (PCMB) immedi- 
ately blocked the ability of platelets in EDTA-platelet-rich plasma to adhere to connective 
tissue, whereas the more slowly penetrating p-hydroxymercuriphenosulfonate (PCMBS) 
was inhibitory only after prolonged incubation. Cazenave and associates (143) also 
observed inhibition by NEM of platelet adhesion to a collagen-coated surface with plate- 
lets in a calcium-containing suspending medium, but could not demonstrate inhibition by 
PCMB at concentrations that did not cause release of granule contents and lysis. 
Al-Mondhiiy and Spaet (528) had suggested that the sulfhydryl group inhibitors affected 
internal platelet reactions, and Cazenave and colleagues (143) implicated the platelet 
contractile protein because other inhibitors of platelet shape change and clot retraction 
also diminished platelet adhesion. These included prostaglandin E,, caffeine, adenosine, 
cytochalasin B, and colchicine. 

Inhibition by Nonsteroidal Antiinflammatory Drugs 

There has been much interest in the effects of nonsteroidal antiinflammatory drugs, 
particularly aspirin, on platelet adhesion, and contradictory reports have appeared. 

Inhibition of adhesion by aspirin was reported by Jamieson and colleagues, (2 15) 
using the technique of Spaet and Lejnieks,(281) although these investigators had found no 
effect of aspirin on platelet adhesion in EDTA-platelet-rich plasma. Others who have 
observed inhibition by aspirin in vitro include Sheppard,(529) Cowan, (530) and 
Cazenave in early experiments (see below). Reports of no inhibition of platelet adhesion 
in vitro by aspirin have come from MacKenzie,(279) Maclntyre and Gordon,(531) 
Legrand and colleagues, (139) Morin and coworkers, (359) Weiss and Tschopp,(l35, 136) 
Tschopp,(13|S) Cazenave and coworkers,(137, 532) and Davies and colleagues. (5 3 3) In 
vivo, aspirin does not appear to inhibit adhesion to the subendothelium (6, 529, 534) 
although it inhibits aggregate formation on the adherent platelets. 

In early experiments, Cazenave and colleagues (535, 536) observed that aspirin 
inhibited the adhesion of washed platelets to a collagen-coated glass surface or the 
subendothelium, but in later studies using the rotating probe technique and a hematocrit of 
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40 percent, no effect of aspirin (100 fiM) on adhesion of ^'Cr-labeled rabbit platelets was 
demonstrable. (532, 533) In contrast, 100 fxM indomethacin inhibited adhesion to colla- 
gen-coated glass by about 30 percent in this system, but similar inhibition by sulfinpyra- 
zone was evident only at 1 mAf, which is too high to be relevant to the in vivo situa- 
tion. (137) The later studies with a 40 percent hematocrit in the platelet suspending 
medium were done in media containing 2 mM Ca^* and 1 mM Mg^*, but the surfaces were 
rinsed in solutions containing EDTA after adherence had taken place This technique 
removes any rabbit platelets that have aggregated on the adherent platelets, and therefore 
measures only platelet adhesion. In the eariier experiments, the surfaces were rinsed 
repeatedly in modified Tyrode solution without added Ca^^ or Mg^*, and apyrase was 
present to remove released ADP, but these experiments have been criticized on the 
grounds that a few aggregates may have remained on the surfaces (320); the formation of 
aggregates would be inhibited by aspirin and therefore it would appear that aspirin had 
inhibited adhesion. 

In nearly all of the reports by Baumgartner, Weiss, and their colleagues, with citrated 
or native whole blood, aspirin has not been found to inhibit platelet adhesion to the 
subendothelium- They did find, however, that at high shear rates, aspirin was slightly 
inhibitory, although no effect was observed with native blood. (138) Thus there now seems 
to be general agreement that platelet adherence to collagen or the subendothelium is not 
appreciably inhibited by aspirin in vivo, or in vitro in whole blood, or in platelet suspen- 
sions containing red blood cells at a hematocrit of 40 percent,* It is evident that conditions 
of flow, hematocrit, and anticoagulant affect the results of experiments in which the 
techniques used have varied widely. Even when precautions have been taken to avoid 
platelet aggregation on the adherent platelets, consistent observations have not been 
obtained. It does not seem likely, however, that aspirin has a large inhibitory effect on 
platelet adhesion to damaged vessel waUs in vivo.* 

As mentioned eariier, the nonsteroidal antiinflanmiatory drugs do not inhibit the 
release of granule contents from adherent platelets. (97, 135, 137) Thus it is not surprising 
that aspirin has not been found to inhibit the smooth muscle cell proliferation that follows 
removal of the endothelium. (24, 537) 

Other nonsteroidal antiinflammatory drugs that have been found to inhibit platelet 
adhesion under some conditions are sulfinpyrazone and indomethacin. (137) 

Inhibition of Adhesion by Prostaglandins that increase 
Platelet cAMP 

Inhibition of platelet adhesion in vitro by PGE, was demonstrated some time ago by 
Cazenave and colleagues (143, 434) and by Baumgartner and coworkers, (33) and attrib- 
uted to it? aM^^ concentration of cyclic AMP in platelets. The potential 
importance of agents that raise the concentration of cyclic AMP in platelets did not 
become apparent until the discovery of PGI^ (prostacyclin). This compound is produced 
by the endothelium upon stimulation and it not only inhibits platelet aggregation and the 
release of the contents of platelet granules, but it inhibits platelet adhesion to collagen and 
the subendothelium. (538-542) The concentration required to inhibit adherence is higher 
than that required to inhibit aggregation, however, and only approximately 50 percent 
inhibition was achieved at concentrations as high as 10 ^iAf.(538) Weiss and Turitto (540) 

♦References 97. 134-138. 280, 532, and 533. 
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were also unable to inhibit platelet adhesion to the subendothelium completely at any of 
the concentrations they tested. Stable analogs of prostacyclin also inhibit adhesion. (541, 
543) Although high concentrations of PGE, or PGI2 inhibited the release of granule 
contents from adherent rabbit platelets, they did not affect human platelets in this 
way. (538) Thus PGI2 may decrease platelet adhesion at an injury site, but it may not 
inhibit the release of platelet-derived growth factor from the platelets that do adhere. Any 
effect of PGI2 in vivo is likely to be a local effect because the concentration of circulating 
PGI2 is now known to be too low to affect either platelet adhesion or aggregation.(544) 

Kamiguian and coworkers (542) observed inhibition of adhesion of human platelets 
by PGI2, PGD2, PGEj, and dibutyryl cyclic AMR They also reported inhibition of release, 
but in the system they used this may have been inhibition of release from platelets that 
were not adherent to collagen. (139) 

The thromboxane synthetase inhibitor, dazoxiben, has been shown to inhibit platelet 
adhesion to the subendothelium of the rabbit aorta.(148) It was suggested that prostaglan- 
din endoperoxides liberated from platelets in the presence of this inhibitor contributed to 
PGI2 formation by the vessel wall, and that this PGIj was responsible for the inhibitory 
effect on adhesion. 

In experiments in which PGI2 was infiised into rabbits, Adelman and colleagues (21) 
showed prevention of platelet adhesion to the subendothelium of rabbit aortas from which 
the endothelium had been removed with a balloon catheter At an infusion rate of 650 to 
850 ng/kg/min, surface coverage by platelets was reduced by 84 percent and attachment 
by 63 percent. They also found that secretion of platelet factor 4 into the underlying 
vessel wall was prevented by the infusion. These observations with rabbit platelets in vivo 
are in agreement with the in vitro results of Cazenave and colleagues (538) with rabbit 
platelets. 

It should be emphasized, however, that PGI2 is unlikely to be responsible for the 
nonthrombogenic nature of the vascular endothelium, or for the development of a non- 
thrombogenic surface after vascular injury, because inhibition of PGIj formation with 
aspirin in vitro or in vivo does not promote platelet adhesion to those surfaces. (6) In 
addition, aspirin or indomethacin does not increase the adherence of platelets to altered 
endothelial cells in tissue culture. (74, 76) 

An additional consideration concerning the role of endogenously produced PGI2 in 
limiting platelet adhesion to damaged vessel walls is the well established observation that 
the cells in the vessel wall underlying the endothelium have much less ability to form PGIj 
than the endothelial cells. (545-548) It may be that the endothelial cells surrounding an 
injury site where the endothelium has been lost are mainly responsible for the production 
of any PGI2 that limits thrombus formation. 

When the neointima that forms on a vessel wall after an initial injury is damaged, 
platelets adhere to collagen, and also to fibrin at the site. (18, 38) Thus it is not surprising 
that the combination of PGIj and heparin is more effective than either agent alone in 
limiting platelet accumulation on the injured neointima, (39) 

Effect of Dipyridamole on Platelet Adhesion In Vitro 

Platelet adherence to the subendothelium of the rabbit aorta, to collagen, or to a 
collagen-coated glass surface, is inhibited by high concentrations of dipyridamole.* 

♦References 33, 173, 359, 434, 535, and 549, 
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Although dipyridamole is a cAMP phosphodiesterase inhibitor that can increase the 
concentration of cAMP in platelets when adenylate cyclase has been stimulated by agents 
such as PGE, or PGI^, it is not clear that this is its mode of action in inhibiting platelet 
adhesion because, by itself, it has no detectable effect on the concentration of cAMP in 
platelets. (550) 

Baumgartner and colleagues (33) showed that dipyridamole (1 mAf) inhibits the initial 
attachment of platelets to the subendothelium by about 50 percent. Approximately 50 
percent inhibition by 100 /xM dipyridamole, but little or no inhibition by 10 tiM was 
observed by Groves and colleagues (549) with a rotating probe system in which the 
adherence of ^'Cr-labeled platelets to the subendothelium was assessed; the platelets had 
been washed and resuspended in Eagle's medium containing 4 percent albumin and red 
blood cells at 40 percent hematocrit. At a concentration of 100 yM, dipyridamole also 
partially inhibited the release of **C-serotonin from the adherent platelets, and reduced the 
extent of collagen-induced platelet aggregation to 66 percent of the control value. 

In Vivo and Ex Vivo 

In experiments with rabbits in which the endothelium of the aorta was removed with a 
balloon catheter, Groves and colleagues (549) found that dipyridamole (12.5 or 2,5 mg/ 
kg), given intravenously 10 minutes before removal of the endothelium, significantly 
reduced the number of platelets that accumulated on the injured surface during the 10 
minute period immediately following exposure of the subendothelium. The plasma con- 
centration of dipyridamole 15 minutes after administration of the higher dose was 27 /xM. 
The effect of dipyridamole on adherence appeared to be a consequence of the action of 
dipyridamole alone, since inhibition of PGI2 formation with aspirin did not influence the 
effect of dipyridamole. These observations indicate that PGI2 formed by injured vessels 
does not potentiate inhibition of adhesion by dipyridamole. 

In contrast to the in vivo findings of Groves and colleagues, Weiss and coworker 
(138) could not demonstrate an effect of dipyridamole on adhesion, but the experimental 
design was quite different. In their studies, human subjects ingested 150 mg of dipyrida- 
mole and dien continued to take the drug (100 mg q.i.d.) for 6 days. Tests of platelet 
adhesion were done before the first dose, 1 .5 hours after the first dose and L5 hours after 
the last dose. Citrated or native blood was circulated through an annular Baumgartner 
chamber on whose inner core were mounted everted segments of de-endothelialized rabbit 
aorta. The wall shear rate was 2600 sec"'. Adherent platelets, and platelet thrombi, were 
assessed morphometrically. Total semm dipyridamole concentrations were 2.6 and 3.6 
/iM, at 1.5 hours and 6 days, respectively. The lack of effect of dipyridamole in these 
experiments is probably attributable to the low concentration in the plasma, although 
species differences and the ex vivo system with its high shear rate may also contribute to 
the discordance with the results obtained in vivo by Groves and colleagues. (549) It is also 
difficult to understand the results of McCoUum and coworkers (551) on platelet adhesion 
to Dacron vascular grafts in an ex vivo system. Human blood from volunteers who had 
ingested 1(X) mg q.i.d. of dipyridamole for 1 week was collected into heparin and pumped 
through circuits containing preclotted woven Dacron. The effect of the dmg on the fall in 
platelet count during passage through the graft material was determined. The plasma 
concentration of dipyridamole was 2.7 iiM, In this system, dipyridamole reduced platelet 
adherence, but it was less effective than aspirin. The surface of the Dacron prosthesis, 
however, differs greatly from the subendothelium, so comparisons of the effects of drugs 
may not be valid. Nevertheless, it is apparent that under some conditions, both in vitro 
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and in vivo, dipyridamole can partially inhibit platelet adhesion to the subendothelium, 
collagen, or Dacron grafts, particulariy when the drug is used at high concentrations. 

Clinical Effects of Dipyridamole 

It is tempting to speculate that at least part of the beneficial effect of dipyridamole 
observed by the group at the Mayo Clinic may be attributable to inhibition of platelet 
adhesion and release at sites of vascular injury. They observed that administration of 
dipyridamole before and after surgery combined with aspirin after surgeiy, reduced the 
amount of intimal thickening that developed after the insertion of coronary bypass vein 
grafts in dogs,(552) and reduced the deposition of '*4ndium-labeled platelets. (553) A 
reduction in the number of adherent platelets would diminish the amount of platelet- 
derived growth factor that entered the vessel wall and thus lessen intimal thickening. In 
similar experiments, Ipsa and associates (554) observed that this drug treatment reduced 
the incidence of early thrombosis on this type of graft in dogs. In endarterectomized 
carotid arteries ftom dogs, thrombus formation was also decreased by this treatment.(555) 
In a clinical trial, the group at the Mayo Clinic administered dipyridamole preoperatively, 
and the combination of dipyridamole and aspirin postoperatively. This treatment reduced 
the incidence of occlusion of coronary artery bypass grafts. (556, 557) 

Other Inhibitory Drugs 

Other drugs that inhibit platelet adhesion in vitro under physiologic conditions of 
divalent cation and protein concentrations, hematocrit, and blood flow, include methyl- 
prednisolone, penicillin G, and cephalothin,(137) but in most cases the concentrations 
required are higher than those likely to be achieved in vivo in man. Platelets from subjects 
receiving high doses of a-tocopherol adhere less readily to collagen in a system containing 
EDTA.(558) 

VESSEL WALL INJURY 

Platelets do not adhere to the vessel wall unless it has been injured in some way. 
Many methods have been devised to injure vessels in experimental animals for the 
purpose of studying platelet adhesion and thrombus formation. These will not be dis- 
cussed in detail here. They include passage of a balloon-catheter through large blood 
vesselis, placement of indwelling catheters in the aorta, air-drying, chemical, electrical, or 
laser injuiy, infusion of homocysteine, administration of diets enriched with cholesterol, 
and many others. 

' Most interesting are the naturally-occurring condirions that cause repeated damage of 
vessel walls and may be responsible for platelet adhesion to the wall and the contribution 
of platelets to the development of atherosclerosis. This subject has been reviewed 
recently. (559, 560) Repeated injury of vessel walls, regardless of how it is caused, has 
been shown to shorten platelet survival, undoubtedly as a result of changes in platelets 
that have adhered to the injury sites and then been freed to recirculate. Some injury may 
be caused by hemodynamic forces at vessel branches, curves, and stenoses. (561) Vessel 
wall injury and shortened platelet survival are associated with smoking (562, 563); 
although the injurious substance has not been identified, suggestions include carbon 
monoxide, nicotine, and tobacco antigen. (564-566) Diets rich in cholesterol have been 
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shown to cause vessel injury, platelet adherence, and shortened platelet survival in mon- 
keys.(567, 568) and diets rich in animal fats shorten platelet survival in man.{569) 
Endothelial injury and shortened platelet survival have been described in homocystinemia 
by some investigators,(570, 571) although others have not detected shortened platelet 
survival. (572, 573) Vessel wall injury and early development of atherosclerosis and its 
clinical complications is a feature of diabetes; shortened platelet survival and platelet 
hypersensitivity have been reported in some diabetics. (574-577) Some arterial wall injury 
may result from immunologic reactions; serum sickness and systemic lupus erythemato- 
sus may be examples of diis. (578-580) Vimses may also contribute to vessel wall 
injury. (581) 

The reason for shortened platelet survival in association with vessel wall injury and 
platelet adhesion is not established. It may be that platelets that have adhered to the 
surface of an injured vessel can be freed by proteolysis of their membrane proteins or 
glycoproteins ihat are involved in adhesion. Enzymes that might be responsible for the 
cleavage of membrane glycoproteins are plasmin, leukocyte elastase, and the proteases 
associated with the subendothelium.(28-31, 368, 514, 582) Several lines of evidence 
support this theory: cleavage of glycopeptides from platelet membrane glycoproteins by 
treatment with plasmin, chymotrypsin, or trypsin shortens the survival of the platelets 
when they are returned to the circulation (5 14); epsilon amino caproic acid, an inhibitor of 
plasmin and other proteases, prolongs shortened platelet survival caused by continuous 
vessel injury (515); Bernard Soulier platelets, which lack glycoprotein lb, show an abnor- 
mally short platelet survival time. (583, 584) It is not known whether the ability of 
dipyridamole to inhibit platelet adhesion (33, 549) is related to the observation that this 
drug prolongs shortened platelet survival. (585) 



SUMMARY 

Platelets do not adhere to surfaces to which flowing blood is normally exposed 
in vivo. When the lining of a blood vessel is altered or damaged, however, platelets do 
adhere to the injured site. Platelet adhesion is one of the first events in the formation of 
hemostatic plugs and thrombi, and plays a part in the development of atherosclerotic 
lesions. Other surfaces to which platelets adhere include particulate matter in the blood 
stream, bacteria and other microorganisms, the artificial surfaces of prosthetic devices, 
and some altered cells in the blood, particulariy macrophages. The majority of investiga- 
tors have studied the interaction of platelets with the subendothelium of normal vessels of 
young animals, or with isolated vessel wall constituents such as collagen. There are very 
few studies of platelet adhesion to repeatedly damaged or diseased blood vessels, although 
it is generally assumed that platelets interact with the connective tissue, fibrin, and 
cholesterol crystals in atherosclerotic lesions. 

Underlying the endothelium of blood vessel is the basement membrane, which has 
been shown to contain type IV collagen, elastin with its associated microfibrils, von 
Willebrand Factor, fibronectin, thrombospondin, laminin, and heparan sulfate. If only the 
endothelium is removed, the main structure exposed is the basement membrane with its 
associated proteins, but deeper injuries expose fibrillar type III collagen and microfibrils. 
In most studies in which large arteries have been injured by passage of a balloon catheter, 
basement membrane, type III collagen and the microfibrils around elastin have been 
exposed. Platelets do not react strongly with basement membrane and the type IV coUa- 
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gen in it is relatively inert. In contrast, platelets adhere firmly to type HI (and type I) 
collagen and spread on it. Although in vitro studies have shown that platelets can interact 
with collagen in artificial media without plasma proteins, investigations of platelet adhe- 
sion at high shear rates indicate that von Willebrand Factor is necessary for firm platelet 
adhesion under these conditions. Fibronectin and thrombospondin may also have a role in 
platelet adhesion. However, platelets do not bind von Willebrand Factor or fibronectin 
until the platelets have been stimulated to release their granule contents, so these binding q 
sites probably do not become available until the platelets have interacted with collagen or 
another release-inducing agent such as thrombin. Studies with platelets from patients with 
the Bernard Soulier syndrome in which glycoprotein lb on the platelet membrane is 
missing have demonstrated that this glycoprotein takes part in platelet adhesion at high 
shear rates. 

Type I and type HI collagen have been studied extensively to determine the character- 
istics required for platelet adhesion and the subsequent release of granule contents, forma- 
tion of products such as thromboxane A2 from arachidonate freed from membrane 
phospholipids, and aggregation. To induce platelet adhesion and the resulting platelet 
reactions, triple helical collagen must be assembled into a quaternary structure that is 
described as fibrillar or multimeric. The epsilon amino groups of lysine on collagen arc of 
major importance in binding to platelets, whereas the telopeptide regions and the carbohy- 
drate side chains have little or no effect. Some investigators have isolated peptide frag- 
ments of collagen that interact with platelets, and others have advanced the theory that 
there are multiple, simultaneous, linked interactions between platelets and collagen. No 
receptor for collagen has been identified on the platelet surface. A number of techniques 
have been used to quantify platelet adhesion to collagen or the subendothelium under a 
variety of conditions of suspending medium, flow, hematocrit, and divalent cation con- 
centration. All of these variables affect the extent of platelet adhesion. The hemodynamic 
forces of blood flow, including the effect of red blood cells, determine the rate of adhesion 
of platelets to a surface. When blood flow is disturbed, extensive aggregation can occur 
on the adherent platelets, with fibrin formation around the aggregates. 

When small blood vessels are cut, the exposed collagen provides a strong stimulus for q 
platelet adhesion and aggregation. This process is enhanced by the high shear rates in the 
microcirculation. Under these conditions, a deficiency of von Willebrand Factor leads to 
decreased adhesion of platelets and less spreading on the injured surface. This is undoubt- 
edly the reason for the hemostatic defect in von Willebrand's disease. In medium to large 
arteries where the shear rates are lower, the defect is not apparent. There have been many 
studies of the binding of von Willebrand Factor to platelets and its role in platelet 
adhesion. Recent evidence indicates that von Willebrand Factor may be involved in the 
reaction of jplatd^^ with the.m with collagen. 

Platelets adhere to fibrin in hemostatic plugs and thrombi; this reaction is involved in 
clot retraction and the consolidation of hemostatic plugs. 

The exposed subendothelium remains reactive to circulating platelets for only a short 
time. When it becomes covered with platelets, the surface of the adherent platelets does 
not attract circulating platelets under conditions of laminar flow. After several days, 
platelets are no longer apparent on the surface and it is relatively inert. 

The neointima that forms in large arteries after removal of the endothelium is com- 
posed of smooth muscle cells that present a nonthrombogenic surface to the blood. When 
these cells are damaged, thrombi composed of platelets and fibrin form on the surface, 
and fibrin is often apparent between the platelets and the injured surface. Thrombin plays 



Platelet Adhesion 



267 



a major role in the formation of these thrombi by affecting both fibrinogen and platelets. 
Platelet adhesion to fibrin as well as to collagen occurs on such a surface. As with the 
exposed subendothelium, however, the surface rapidly becomes nonreactive to further 
platelet deposition. 

Many drugs have been examined for their effects on platelet adhesion, since it would 
be beneficial if this first reaction in thrombus formation could be inhibited.. Drugs that 
inhibit the change in the shape of platelets that occurs upon stimulation have been shown 
to inhibit adhesion. The most effective drugs that act in this way are those that increase the 
concentration of cAMP in platelets (PGE,, PGI2, dipyridamole). The nonsteroidal antiin- 
flammatory drugs that inhibit the formation of diromboxane Aj do not affect platelet 
adhesion under conditions similar to those in vivo, nor do they prevent the release of 
granule contents from the adherent platelets. When thrombin and fibrin, as well as 
collagen, are involved in platelet adhesion and thrombus formation, a combination of 
heparin with PGE, or PGIj is more inhibitory than either agent by itself. 
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1. Introduction 



This chapter wiU consider the synthesis and secretion into the extracellular 
space, by endothelium (primarily vascular endothelium), of a range of glyco- 
proteins. In general, these glycoproteins may be regarded as consutuents of, or 
as occurring in, the endothelial matrix and/or to function within the subendo- 
thelial environment. In particulai, extensive reference will be made to col- 
lagens, fibronectin. basement membrane glycoproteins includmg lamimn and, 
to a lesser extent, entactin and amyloid P-component, and the plasma glyco- 
protein Factor Vlll/von Willebrand factor. Their participation m certam 
important interactions at the subendotheUal surface will be discussed, espe- 
cially their possible involvement in the interaction of platelets with the vascular 
subendotheUum and in the attachment of the endotheUum itself to its underly- 
ing substratum. Although not a glycoprotein, brief mention will be made of 
elastin together with its associated microfibrillar glycoprotein as constituents 
of the elastic fibre, a recognised component of the vascular subendotheUum. 
This chapter will not attempt to review endotheUal glycoproteins secreted as 
enzymes, such as plasminogen activator or angiotensin converting enzyme nor, 
in general, glycoproteins that may be regarded more as cell membrane con- 
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stituents. Complementaiy to the interests of this chapter, basement membrane 
structure is reviewed in detail in Chapter 3 and some aspects of the influence 
of the extracellular matrix on endothehal function are considered in Chapter 
13- 

2. Glycoproteins of the endothelium 

2 J. Collagens 

The existence of several collagenous species as members of a closely related but 
nevertheless genetically distinct group of proteins is now weU recognised 
(Bomstein and Sage, 1980). Various different collagen types occur in the blood 
vessel wall where they play an essential structural role. They also serve to 
initiate, through their ability to induce the aggregation of blood platelets, 
formation of the haemostatic plug, the development of which is necessary for 
the arrest of bleeding following injury (Barnes, 1982). Arising also from their 
interaction with platelets, collagens are able to promote the complex sequence 
of reactions resulting in coagulation, which culminates in the formation of 
fibrin. The latter serves to reinforce or stabilise the platelet aggregate as well as 
acting as the basis for coagulation. Bearing in mind their involvement in 
haemostasis, collagens in the vessel wall may also be regarded as potentially 
important causative agents in the initiation of thrombosis, which can be 
regarded as the pathological expression of the haemostatic mechanism (Thomas 
1977, 1978; Nordoy. 1979; Wall and Harkei, 1980). 

2 LI. Collagens of the blood vessel wall 

Following the initial observations of Chung and Miller (1974), several 
authors have reported the presence of the two interstitial collagens^ types I arid 
III, in the blood vessel wall and have commented on the relative abundance of 
type III in this tissue (Trelstad, 1974; Epstein and Munderloh, 1975; Gay et 
al., 1975; McCuUagh and Balian, 1975; Rauterberg and Bassewitz, 1975; 
Barnes et al., 1976a; Scott et al., 1977). A number of reviews of the general 
properties and distribution of these two collagens and their alterations in 
disease has been presented (e.g. Miller, 1976; Ramachandran and Reddi, 1976; 
Gay and Miller, 1978; Prockop et al., 1979; Bailey and Etherington, 1980; 
Bomstein and Sage, 1980; Eyre, 1980; Minor, 1980; Jayson and Weiss, 1982) 
and, therefore, a detailed description of each collagen is not necessary here. 
The type I collagen molecule of chain composition [otl(I)]2a2 differs in the 
primary structure of its constituent a-chains from the type III collagen 
molecule of chain coniposition [o£l(III)]3. Molecules of each collagen, however, 
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aggregate in the same highly ordered fashion to yield the characteristic striated 
fibre of 67 nm periodicity, as observed under the electron microscope. Both 
coUagens are presumed to occur as fibres of this nature within the entire width 
of the tunica media of the vessel wall. Type III appears to be closely associated 
with the elastic laminae, whilst type I is located more in the spaces in between 
these structures (Gay et al. 1975; 1976; McCullagh et al., 1980). The smooth 
muscle cell can be regarded as the cell of origin for both collagens in the media 
(Barnes et al., 1976b; Leung et al, 1976; Burke et al-, 1977; Layman et al., 
1977; Rauterberg et al, 1977; Scott et al, 1977; Mayne et al., 1977, 1978) 
whilst in the adventitia the adventitial fibroblast may be presumbed to serve as 
their source (Mayne et al., 1977). In the young vessel wall, where little if any 
intimal thickening is likely to have occurred and the tunica intima can be 
regarded as constituting little more than endothelium, collagen type III has 
been detected by immunofluorescence, apparently in the total absence of type 
I, in the space between the endothelium and the underlying internal elastic 
lamina (Gay et al., 1975, 1976). This has led to the proposal that type III may 
be a particularly important collagen in relation to thrombosis. As discussed in 
the following section it is conceivable that type III coDagen in this location is a 
direct product of the endothelium. Immunofluorescence studies have also 
tended to emphasise the relative abundance of this collagen type in the 
diffusely thickened intima of the older vessel wall (McCullagh et al., 1980). 
However, biochemical analysis has demonstrated that type I collagen is the 
predominant species in thickened intima, as in the media and adventitia 
(Morton and Barnes, 1982). Presumably the collagens deposited in the thicken- 
ing intima are mostly the products of smooth muscle cells that have migrated 
from the media into the intimal space. 

SinMlarly, the deposition of collagen, predominandy type 1, with lesser 
amounts of type III, in the intimal atherosclerotic plaque (McCullagh and 
Balian, 1975; Morton and Barnes, 1982) can be attributed to invading smooth 
muscle cells derived from the media (Ross and Glomset, 1976). In view of the 
presence of both these collagens in diffusely thickened intima, as well as in the 
atherosclerotic plaque, we consider injury to the intimal surface of the vessel 
wall will jxist as readily expose fibres of type I as of type III especially since the 
former represents the predoniinant species. Because fibres of each type are 
equally effective at aggregating platelets (Barnes et al., 1976a) both collagens 
can be regarded as of potential importance in the initiation of thrombosis that 
arises from platelet interaction with the subendothelium. 

The basement membrane collagen, type IV, has been isolated from intact 
human and bovine aorta. Although it can be obtained as a partially purified 
product from pepsin digests, by salt fractionation and other techniques (Trels- 
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tad, 1974; Mayne et al., 1980), it has not been isolated specifically from intima. 
The presence of a specific collagen type in basement membranes was first 
indicated by chemical analysis of these structures following their isolation from 
various sources and subsequently confirmed by its widespread occurrence 
throughout all basement membranes as deduced from localisation studies 
utilising immunofluorescent techniques. This collagen, which is believed to 
play an important role in the filtration and other specialised properties of 
basement membranes has been intensively studied in a number of laboratories 
in recent years and the subject is reviewed in detail elsewhere in this book in 
the chapter by V.C, Duance and A.J. Bailey on the structure and function of 
vascular basement membranes (Chapter 3), Inununofluorescence studies have 
confirmed the presence of type IV in the blood vessel wall where it appears to 
be located both within the basement membranes of medial smooth muscle cells 
(Gay et al, 1981b) and in the subendothelium, as a constituent of the 
basement membrane immediately underlying the endothelium, from which it 
is, in this case, presumably derived (Madri et al, 1980a). 

Collagen type V, regarded by some as closely associated with basement 
membranes (even if not actually a genuine constituent of them), is a collagen 
about which there is still much controversy, particularly concerning its distri- 
bution and structure. It has been described by Gay et al., (1981a, 1981b) as a 
pericellulai collagen fulfilling an essentially exocytoskeletal role. Three con- 
stituent polypeptide chains designated as A-, B- and C-chains (or a2(V)-, 
al(V)- and a3(V)-chains, respectively) have been described, but the precise 
relationship between these with regard to the chain composition of the type V 
collagen molecule is unclear. It is conceivable that there is a family of type V 
coilagens based on various combinations of the three chain types. This collagen 
is discussed more fully elsewhere (see Chapter 3). In relation to its occurrence 
in the blood vessel wall, Chung et al. (1976) have detected the presence of a 
type V collagen containing solely B-chains in the media of human aorta. No 
chains of type V origin were detected in the intima. By contrast, Morton and 
Barnes (1982) have /ound chains of both A and B-type (in a ratio of B : A in 
the region of 1.5) throughout the vessel wall, in intima, media and adventitia 
and have noted them to be particularly abundant in the atherosclerotic plaque. 
This observation has also been made by Ooshima (1981), although this author 
reported a much higher ratio of B : A-chains (7.6). In pig aorta, but not human, 
a trace of the C-chain constituent has also been found (Morton and Barnes, 
1982)! Chains of A- and B-type have also been isolated from bovine aorta 
(Mayne et al., 1980). Immunofluorescence studies have confirmed the presence 
of collagen type V in both intima and media of the vessel wall (Madri et al., 
1980a; McCullagh et al, 1980) where, in the media, it appears to be intimately 
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associated with the basement membraae of the smooth muscle cell (Gay et al, 
1981b; Martinez-Hernandez et aL. 1982). In the subendothelial location col- 
lagen type V is also thought to be of basement membrane origin and, as such, a 
product of the endothelium (Madri et al., 1980a). These authors have con- 
cluded that it also resides on the endothelial cell surface. 

In addition to coUagens I, III, IV and V, a further collagenous species has 
been detected m the intima of human aorta and in highly vascular tissues such 
as human and bovine placenta (Chung et al.. 1976; Furuto and Miller, 1980; 
Jander et al., 1981), This collagen, referred to as *short-chain' collagen, can be 
solubilised by pepsin digestion as a high molecular weight aggregate that upon 
reduction yields chains with a molecular weight of 55000 in the case of the 
constituent of aortic intimal origin or, in the case of that of placental origin, 
40000. This makes this material very much smaller than the normal constituent 
collagen constituent a-chain size of 95000, Chung et al. (1976) believe this 
species may also be of basement membrane in origin. The site of synthesis of 
this collagen is as yet unclear but its derivation from endotheUum seems a 
reasonable conjecture. Finally, the subendothelium may also contain another 
collagenous element, designated * endothelial' collagen that has so far only been 
detected in endothelial cell cultures (Sage et al., 1980) and the identification of 
which is referred to in the following section. 

2.1 2, Collagen synthesis by endothelixmi 

2 J, 2.1. Vascular endothelial cells. A major product of the endothelium (as 
of epithehum) is thought to be the underlying basement membrane with which 
it is tn intimate contact. From this it might be considered that the main 
collagenous component synthesised by endothelium would be collagen type IV, 
previously recognised as the specific collagenous moiety of basement mem- 
branes- In accord with this supposition, Howard et al. (1976) have reported 
that calf aortic endothelial cells in culture synthesise predominantly collagen of 
basement membrane type. Collagenase-sensitive material produced by these 
cells was found to contain a relatively high content of 3-hydroxyproline 
(representing approximately 10% of the total hydroxyproUne) and glucosylga- 
lactosylhydroxylysine (constituting approximately 90% of the total glyco- 
sylated residues and about 70% of the total hydroxylysine), both features being 
considered characteristic of collagen type IV. Collagen in the medium from 
endothelial cell cultures was identified essentially as a single component which, 
after reduction, migrated on SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) with a molecular weight of approximately 135000 and was 
considered to be procollagen al(IV)-chains. Similarly, from a study of human 
endothelial cells derived from umbilical cord veins, Jaffe et al. (1976) con- 
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eluded that these cells synthesised material in culture that could be identified 
by electron microscopy as resembling amorphous basement membrane. This 
material reacted with an anti-human glomerurar basement membrane anti- 
serum, Biosynthetic studies led to the identification in the cell layer, following 
pepsin treatment, of two collagenous components, the major one of which, had 
a molecular weight of 120500 and was considered to be the al(IV>chain, A 
second, more minor component, of molecular weight 94200, was tentatively 
thought to correspond to al(III)-chains. In the culture medium three collage- 
nous components were recognised after pepsin digestion, one of molecular 
weight 183000 postulated to be a p-dimer of the al{III)chain, one of 152000 
considered to be the al(IV) procollagen chain and a third of 115000 proposed 
as al(IV>chains, These authors concluded that their endothelial cells synthe- 
sised basement membrane collagen as a major collagenous product. Madri et 
al, (1980a) have also reported that confluent cultures of human umbilical vein 
and calf aortic endothelial cells can be stained by immunofluorescence or 
immunoperoxidase procedures using antibodies against coUagens types IV and 
V, but not with those against types I and III. Immunoprecipitation of col- 
lagens, using monospecific collagen antibodies, confirmed the synthesis in 
culture of types IV and V that were located entirely in the cell layer and 
furthermore suggested the absence of any synthesis of collagens types I and III. 

In contrast to these findings Barnes et al. (1978) concluded that porcine 
aortic endothelial cells in culture synthesised collagen that was principally of 
interstitial type. In initial studies this was found to be largely type I in nature 
with some type III and type I trimer, Collagens were identified in pepsin 
digests on the basis of their precipitation behaviour and according to their 
positions of elution during ion-exchange chromatography and gel filtration- In 
subsequent studies it was found that synthesis could vary from largely type I, 
with little type III, to almost entirely type III with little if any type I. The 
synthesis of interstitial collagen was accompanied by the production of only 
relatively small amounts of collagens types IV and V (Sankey and Barnes, 
1980; Sankey. 1981). In these studies collagens were separated, following 
pepsin digestion, by the salt fractionation procedure described by Kresina and 
Miller (1979) and identified by SDS-PAGE. Type V collagen was identified as 
a mixture of A- (or a2(V)-) and B- (or al(V)-) chains; type IV was tentatively 
identified as a collagenous component occurring in the appropriate fraction 
that, upon reduction, migrated as a species of molecular weight around 
140000. Essentially similar results to these have been described by Sage et al. 
(1979, 1981) studying bovine aortic endothelial cells. They have concluded that 
these cells synthesize predominantly type III collagen most of which is secreted 
into the medium. Type III was identified by a number of criteria, including 
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specific immunoprecipitation and the nature of the cleavage products obtained 
by treatment with either mast cell protease or cyanogen bromide. Sniall 
amounts of type V-derived A and B-chains and of collagen type IV, identified 
as a polypeptide of molecular weight 140000 following reduction, were found 
in the cell layer. Synthesis of type I collagen was only noted in those cultures 
which exhibited 'sprouting', a phenomenon observed as a secondary growth 
pattern in which variant endothelial cells, so-called 'sprouting' ceUs, can be 
seen to undergrow the normal endotheUal monolayer. Synthesis of type I has 
also been attributed to these 'sprouting' cells by Cotta-Pereira and co-authors 
(1980). However, the present authors and their colleagues have not observed 
any pattern of collagen synthesis that can be related obviously to the extent to 
which 'sprouting cells' occur within a culture. 

Reasons for these differences as regards the nature of the principal collagen 
synthesised by cultured vascular endotheUal cells are at present unclear. They 
seem unUkely to be simply a consequence of subcultivation since we have 
obtained essentially identical results in primary and secondary cultures. Where 
collagens have only been very tentatively identified it is conceivable that this 
identification was in error. Sage et al. (1981) have suggested, for example, that 
the two collagenous components detected in cell layers by Jaffe et al. (1976) 
were probably A- and B-chains of type V collagen. The identification of type 
III coUagen as a major product of endothelium in culture is of particular 
interest in view of the immunolocalisation of this collagen in the absence of 
type I in the subendothclial region of the young blood vessel wall (Gay et al.. 

1975.1976). ^ . ■ „ 

Sage et al. (1980) have reported, in addition to the synthesis of coUagens 
types III, IV and V, the synthesis by bovine aortic endothelial cells of a novel 
collagen, which they have designated 'endothelial' collagen. This particular 
coUagen species is extremely sensitive to pepsin, being rapidly degraded to 
peptides of less tiian 60000 molecular weight. It has been identified m the 
culture medium as a non-reducible species of molecular weight 177000 to- 
gether with two lower molecular weight species of 125000 and 100000 beUeved 
to originate from the higher molecular weight form. Examination of peptides 
obtained by treatment with mast ceU protease or cyanogen bromide has 
confirmed the novel nature of this collagen. 

2.1.2.2. Corneal endothelial cells. A similar ambiguity to tiiat which occurs 
wiUi regard to ti^e nature of the principal collagen produced by vascular 
endotheUal ceUs in culture exists in respect of endgUieUal ceUs of non-vascular 
origin, i.e. those from the cornea. A number of autiiors have presented 
'■ evidence for the synthesis of predominantly cpUagen type IV by rabbit corneal 
endotheUal cells in culture, a finding perhaps not unexpected in view of the 



119 



close apposition of these cells to a well-defined basement membrane (De- 
scemet's membrane), (Kefalides et al, 1976; Sundar Raj et al-, 1979; Kenney et 
al., 1981). In contrast studies by the authors and their colleagues (Sankey et al., 
1981) have shown that corneal endotheUal cells of bovine origin synthesise 
predominantly collagen type III, some type I and a small amount of type V 
with the absence of any species recognisable as type IV (see Fig 5.1). Essen- 
tially similar resulu have been reported by Tseng et al- (1981) although these 
authors detected a small amount of type IV collagen. We have observed the 
same pattern of synthesis for rapidly dividing cells, cells maintained at con- 
fluence for extended periods, cells grown on plastic, or on type I or type IV 
collagen-coated surfaces. 

We consider the factors controlling the nature of the collagenous products 
of the endothelium and their level of synthesis an important issue, not only in 
terms of platelet activation and its relation to haemostasis or thrombosis, but 
also in the context of endothelial integrity. They are equally of importance in 
the processes of vessel wall repak including re-endothelialisation and the 
deposition of new subendothelium and in the pathogenesis of other vascular 
disease other than thrombosis. The latter, for example, may be illustrated by 
the thickening of vascular basement membrane that occurs in diabetic micro- 
angiopathy. The role of subendothelial collagens in the stimulation of plateleU 
and their possible involvement in the attachment of the cells of the endo- 
thelium to its underlying substratum, an important factor in the maintenance 
of endothelial integrity, will each be considered later in this chapter 

2.2- Fibronectin 

Fibronectin is a high molecular weight glycoprotein which occurs in a soluble 
form in plasma (Mosesson and Umfleet, 1970) and other body fluids (Chen et 
al., 1976a; Kuusela et al., 1978), and in an insoluble form associated with 
certain basement membranes (Bray, 1978; Stenman and Vaheri, 1978), in loose 
connective tissue matrices and in the pericellular matrix around adherent 
cultured cells (reviewed by Yamada and Olden, 1978; Ruoslahti et al., 1981b). 

2.2J. Distribution 

Although fibronectin is often found at the interface of basement membranes 
and abutting endothelial (or epithelial) cells (Oberiy et al., 1979), and possibly 
within these and other limiting membranes (Under et al., 1975), there is some 
controversy as to whether this glycoprotein is a genuine component of these 
matrices. Most of the studies indicating the localisation of fibronectin within 
the basement membrane have been with adult mammalian tissues and have 
utilised fluorescent antibody localisation techniques. These studies have indi- 
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cated the presence of fibronectin within the subendothelial basement mem- 
brane of a variety of blood vessels, around the smooth muscle cells of the 
media of muscular arteries and as thin strands in the media of non-muscular 
arteries and loose connective tissue of the adventitia (Stenman and Vaheri, 
1978). Linder et al. (1975) have also shown the presence of fibronectin in the 
subendotheUum of arteries, veins, brain capillaries and the renal basal mem- 
brane of chick embryos. However, little or none of the glycoprotein has been 
shown in the basement membranes of normal mature manmialian kidney, with 
the fibronectin that was demonstrable being associated mainly with the cell 
surface of the mesangium (Stenman and Vaheri, 1978; Petterson and Colvin, 
1978; Oberley et al., 1979; Weiss et al., 1979; Bums et al., 1980; Dixon et al., 
1980; Martinez-Hernandez et al., 1981). Biochemical studies have also indi- 
cated the close association of fibronectin and basement membranes although 
these studies cannot eliminate the possibility that this fibronectin is plasma 
fibronectin entrapped within the membrane matrix (Oh et al., 1981). 

2.2 2 Structure 

Although plasma and cellular fibronectins appear to share a conunon 
structural organisation they are not identical in some details of their structure, 
chemical composition and biological activities. Fibronectin is a large dimeiic 
molecule of approximate molecular weight 450000 composed of two sub-units, 
each of molecular weight about 220000 linked by disulphide bonds (Mosher, 
1980a) and which are structurally indistinguishable by peptide mapping 



Fi^e 5.1. Analysis of collagen types synthesized by cultured bovine corneal endothelial cells 

Radiolabelled cultures, following pepsin digestion, were precipitated with 0.7 M NaQ (for collagen 
types I and HI) and 1 .2 M NaQ (for coUagens FV and V). The latter precipitate was fuf ther 
processed to yield separate *rv* and *V fractions. (A) CM-cellulose chromatography of the 
fraction precipitated at 0.7 M NaQ. The position of eluiion of collagen chains as indicated was 
established by chromatography of appropriate standards. Fractions under the bar were combined 
and examined by interrupted electrophoresis (inset) which confumed the presence in this peak of 
o2(I) and 7(111) chains. The anows denote in turn the position of the collagen marker chains 
al(in). otl(T) and a2. (B) Gel electrophoresis of the 0,7 M NaCl-precipitated fraction. Direct 
electrophoresis (continuous line) shows the presence of 7(111) and Type I chains. The arrows ( t) 
denote the positions in turn of al(I) and a2 market chains. Interrupted electrophoresis (broken 
line) shows the conveision of the y-component to al(III) chains The arrows ( t) denote in 
sequence the positions of al(in), al(l) and a2 markers. (Q Gel electrophoresis of the *type V* 
fiaction showing the presence of aA and aB chains of type V collagen. The anows indicate the 
positions of aB, a A, al(I) and a2 markers respectively, (D) Gel electrophoresis of the *typc IV* 
fraction after reduction. The arrows indicate the position of P, al(l) and a2 markers. It was 
calculated that in this experiment collagcns types I. Ill and V were synthesized in the proportion of 
2:6: 1 Reproduced with permission from Sankey et al.. 1981 {Biochem X 198, 707-710). 
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(Kurkinen et al., 1980). When analysed on SDS-PAGE the polypeptide chains 
of plasma fibronectin separate into two bands (Mosesson et al-, 1975), al- 
though cellular fibronectin generally produces only a single band which runs at 
a position corresponding to the slower of the two plasma fibronectin bands 
(Hynes et al., 1978; Quaroni et al, 1978). However, the mobiUty of fibronectin 
derived from different cell types of the same organism may also show some 
variabiUty (Engvall et al., 1978; Yamada and Kennedy, 1979; Crouch et al., . 
1978; Alitalo et al., 1980b; Ruoslahti et al., 1981a). It has been suggested that 
these differences may be partially due to differences in the degree of glycosy- 
lation of these molecules and indeed plasma fibronectin contains considerably 
less fucose than cellular fibronectin (Fukada and Hakomori, 1979; Takasaki et 
al., 1979; Ruoslahti et al., 1981a) and also differs from cellular fibronectin in 
the linkages of bound sugars, although the total sugar content was similar m 
both fibronectin species (Mosesson et al., 1975; Vuento et al., 1977; Yamada et 
al.,1977). 

Fibronectin is strongly antigenic and with conventional antibodies identical 
reactivity is shown against plasma and cellular forms from the same species 
(Ruoslahti et al., 1973; Ruoslahti and Engvall, 1978). However, Atherton and 
Hynes (1981) have obtained monoclonal antibodies that distinguish cellular 
from plasma fibronectin. These monoclonal antibody specificities did not 
appear to be due to differences in carbohydrate side chains because they 
precipitated fibronectin from cells cultured in either the absence (glycosylated) 
or presence (non-glycosylated) of tunicamycin equally well. This observation, 
together with the report of at least 3 regions of polypeptide difference between 
plasma and cellular fibronectin functional domains (Hayashi and Yamada, 
1981), indicates that the two molecules are probably coded by independent 
genes or that there are different spUcing mechanisms for producing tissue 
specific fibronectins. 

2.2,3. Fibronectin structure and molecular interactions 

Partial cleavage of fibronectin by various proteolytic enzymes has been 
useful in the structural and functional characterisation of this protein. Using 
this technique, specific domains have been assigned on the monomelic form of 
fibronectin, although the arrangement of these domains is still tentative, Thiee 
main regions have been identified; (a) the basic NH2-tenninus area, which 
contains binding sites available to FXIIIa (plasma transglutaminasie). 
Staphylococcus aureus and fibrin and which mediates FXIIIa catalysed cross 
linking to collagen, (b) the non-covalent collagen (gelatin)"binding area, which 
is adjacent to this region and, (c) the COjH terminal region which is essentially 
responsible for heparin and eukaryotic cell attachment. Fibronectin has also 
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been shown to interact with DNA, actin, fibrinogen, hyaluronate, heparan 
sulphate and gangliosides at specific sites. These data have been recently 
reviewed by Ruoslahti, 1981; Ruoslahti et al, 1981b; Mosher and Furcht, 1981 
and Hayashi and Yamada, 198L 

The interaction of fibronectin with collagen has been studied in some detail. 
Fibronectin has been shown to bind more effectively to denatured than to 
native collagens. Of the native collagens type III is more effectively bound than 
native collagen types 1, 11 or V (Jilek and Hoimann, 1978; Engvall et al., 1978). 
So far no comparisons are available of the interaction of fibronectin with fibres 
composed of the different collagen types, although Kleinmann et al. (1981) 
have shown that fibronectin binds more effectively to forming than to pre- 
formed fibres. Studies with fragments of collagen chains mdicate that there are 
a number of fibronectin binding sites along the collagen polypeptide chains 
(Dessau et al., 1978a; Engvall et al., 1978) although Kleinman et al. (1978a) 
concluded that the major binding site for fibronectin was situated at residues 
757-791 (which includes the mammalian collagenase cleavage site) on the 
a- 1(1) chain. Dessau et al. (1978a) have also shown that residues 693-1 101 of 
the a-2 chain of type I collagen, a region homologous to the binding site of the 
a- 1(1) chain, form a major binding site for this chain. The possible role of the 
coilagen-fibronectin interaction in the sub-endothelium will be considered later 
in this chapter, in the sections dealing with the collagen-platelet interaction 
(Section 3.1.2.1.) and cell-matrix interactions relevant to endothelial attach- 
ment (Section 3.2.). 

2,2.4. Fibronectin synthesis 

As mentioned earlier (Section 2.2.1.) fibronectin has been shown to be 
located- in close proximity to endothelial cells and to be present in the 
subendothelium of a variety of blood vessels (Linder et al., 1975; Vaheri et al., 
1977; Stenman and Vaheri, 1978), and consequently it has been suggested that 
these ceUs may be the major site for plasma fibronectin production. This is 
supported by the observation that endothelial cells in culture have been shown 
to synthesise relatively large amounts of fibronectin. Jaffe and Mosher (1978) 
have demonstrated that cultured human umbilical vein endothelial cells 
synthesised fibronectin, which could be secreted into the medium or incorpo- 
rated into the subcellular matrix. The medium fibronectin comprised about 
15% of the secreted proteins of these cells and was present at levels comparable 
to those in the plasma. Macarak et al. (1978) and Birdwell et al. (1978) have 
also shown that bovine aortic endothelial cells produced similar or higher leyels 
of fibronectin. Birdwell et al. (1978) using inmiunofluorescence techniques, 
examined in some detail the cellular distribution of fibronectin. In confluent 
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cultures fibronectin was only detected in the subceUular matrix but was 
apparent on the dorsal surfaces of cells at regions of cell-cell contact in sparse 
cultures. These cells were thus similar to fibroblasts in that they produced a 
subcellular fibronectin matrix, but differed in that they did not produce a 
fibrillar fibronectin matrix on the dorsal cell surface (Chen et al., 1976b; 
Wartiovaara et al., 1974; Mautncr and Hynes, 1977). This incorporation of 
fibronectin into the subcellular matrix in the absence of any deposition on the 
dorsal endothelial surface may be an instance of a phenomenon exhibited by 
other secreted endotheUal products and as such may conceivably be of signifi- 
cance in the maintenance of the non-thrombogenic nature of the endothelium. 
The synthesis of fibronectin has also been demonstrated in a wide variety of 
differentiated cell types including those of epitheUal origin (Chen et al., 1977b; 
Quaroni et al.. 1978; Crouch et al., 1978; Voss et al., 1979; Smith el al.. 1979; 
Foidart et al., 1980b) which, in that fibronectin was found only in a sub-cellu- 
lar location, were similar to endothelial cells. 

2.2.5. Ftmctions of fibronectin 

A number of apparently diverse functional properties have been proposed 
for fibronectin, based on its structural properties and extensive distribution in 
tissue and body fluids. Studies of the interaction of fibronectin with collagen 
and eukaryotic cells have indicated strongly that one of the major roles of 
fibronectin is that of mediating the binding of cells to the underlying tissue 
coUagens. It is not intended to discuss this particular role of fibronectin here as 
it will be dealt with later m Section 3.2. but to consider the additional roles 
that have been attributed to fibronectin and which may be relevant to its 
function in the subendotheUum. 

As a plasma protein, fibronectin has been impHcated in the blood coagula- 
tion process since it is capable of being enzymatically cross-linked to fibrin by 
factor Xllla. In fact, approximately 3-4% of the normal clot is fibronectin 
(Mosher, 1980b; Chen et al, 1977a). Consequently, it has been suggested that 
fibronectin may regulate the rate and degree of fibrin monomer aggregation, 
its binding with factor Xllla ensuring a high local enzyme concentration for 
the cross-linking of fibrin and fibronectin in clot formation. It has also been 
shown that fibronectin and its plasmin degradation fragments enhance the 
urokinase activation of plasminogen and indeed Iwanaga et al. (1978) have 
suggested that fibronectin may directly affect the lysis rate of a thrombus. The 
ability of fibronectin to bind and precipitate fibrinogen with heparin also 
suggests a further possible role in the coagulation process (Stathakis and 
Mosesson. 1979). Fibronectin may also be involved in primary haemostasis 
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and its possible role in platelet adhesion and aggregation will be discussed in 
detail in Section 3- 1 .2. L 

Plasma fibronectin has been shown to be identical to a-2-opsonic glycopro- 
tein, which has been shown to promote the uptake of gelatin coated particles 
by liver slices (Blumenstock et al, 1977) and their uptake and phagocytosis by 
peritoneal macrophages (Doran et aL» 1980; Gudewicz et al., 1980; Marquette 
et al.., 1981; van de Water et al., 1981), Phagocytosis of Staphylococcus by 
leukocytes is also stimulated by fibronectin (Mosher, 1980b). Such data suggest 
that plasma fibronectin may act as an opsonin, acting to bind and coat 
circulating bacteria, tissue fragments or microscopic blood clots, which may 
then be removed by the reticulo-endothelial system. 

Fibronectin has been postulated both as a promoter and as an inhibitor of 
cell motility. For example, fibronectin has been shown to confer properties 
likely to enhance cell locomotion upon transformed cells (Yamada et al., 1976; 
Ali et al,, 1977), and to inqease the motility of certain cell lines (Pouyssegur et 
al., 1977; Ali and Hynes 1978)- Schor et al. (1981) however, have shown that 
fibronectin acts not only as an inhibitor of the migration of human skin 
fibroblasts into three-dimensional collagen gel matrices, but also as a stimula- 
tor of melanoma cell migration into the same matrices. Couchman and Rees 
(1979) also showed that cessation of fibroblast migration from chick heart 
explants was correlated with the appearance of fibronectin at the cell surface. 
The mechanism by which fibronectin may affect cell migration is unknown but 
it has been suggested that it may be due to changes in the continuity of the 
fDamentous elements of the cytoskeleton and fibronectin via transmembrane 
linkages (Hynes and Destree, 1978; Singer, 1979). Evidence for the involve- 
ment of fibronectin in cell movement may indicate a possible role for this 
protein in endothelial ceU migration, a process which may be important in the 
repair of damaged endothelium (cf. Chapter 13). 

Various other functions have been attributed to fibronectin including (a) the 
direction of differentiation (Chen, 1977; Podleski et al., 1979; Dessau et al, 
1978b; Ruoslahti et al., 1981b; Pennypacker et al., 1979; West et al-, 1979; 
Thesleff et al., 1979; Waitiovaara et aL, 1978; Zetter et al., 1978); (b) the 
direction of morphogenic movements in embryonic development (Under et aL, 
1975; Wartiovaara et aL, 1978; Zetter et al., 1978; Critchley et aL, 1979; Mayer 
et al., 1980); and (c) as a chemoattractant for fibroblasts (Tsukamoto et al., 
1981; Seppa et al., 1981), which has been shown (Postlethwaite et al., 1981) to 
be confined to a major 140000 fragment generated by cathepsin D cleavage. 
The large nqmber of very diverse functions which have been attributed to 
fibronectin together with its widespread distribution probably demonstrates 
the considerable physiological importance of this glycoprotein. 
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23. Laminin 
23 J. Structure 

Laminin is a large non-coUagenous glycoprotein, structurally and immuno- 
logically unrelated to fibronectin, which was originally isolated from neutral 
salt extracts of the Engelbreth-Hobn's Swarm (EHS) sarcoma, a mouse tumour 
that produces a considerable extraceUular matrix of basement membrane-like 
material (Timpl et al., 1979). The laminin isolated from the matrix of this and 
similar tumours consists of a very high molecular weight (about 900000), 
disulphide linked complex of three polypeptide chains, the largest of which has 
a molecular weight of 450000 with the two additional chains each being of 
molecular weight about 230000 (Chung et al., 1979; Sakashita and Ruoslahti, 
1980; Cooper et al., 1981). Antibodies to laminin also precipitate a fourth 
polypeptide of molecular weight 150000 which is made in greater amounts by 
normal rather than tumorigenic endoderm cells (Hogan et al., 1980), although 
the relationship of this protein to authentic laminin is not yet clear. A more 
detailed description of the structure of laminin can be found in Chapter 3 of 
this volume. 

23,2, Distribution 

Laminin has been shown to be a major constituent of adult (Foidart et al., 
1980a) and embryonic (Leivo et al., 1980; Howe and Salter, 1980; Hogan et al., 
1980) basement membranes of presumed endothelial origin (Rhode et al., 
1979; Hahn et al., 1980) and epithelial origin (Risteli and Timpl, 1981; Hogan 
et al., 1980; Smith and Strickland, 1981). Immunofluorescence studies using 
antiserum to EHS tumour-derived laminin have shown that this glycoprotein 
(or an immunologically related protein) occurs in a variety of basement 
membranes in normal tissue, including the basement membranes underlying 
the endothelial lining of the intima and around the smooth muscle cells of the 
large blood vessels (Rhode et al„ 1979; Hahn et al., 1980). Laminin seems to be 
widely distributed and has also been demonstrated in the basement membranes 
of the glomerulus, tubules and Bowman's capsule of the kidney, lung alveolae, 
the choroid plexus of the brain, the lens capsule, chorionic and amniotic 
membranes, Descemet's membrane of the cornea, and the membrane surround- 
ing muscle fibres (Rhode et al., 1979). Other authors have demonstrated the 
presence of laminin in the basement membrane of the portal tracts of normal 
liver, beneath the endothelial lining of hepatic arteries, portal veins and 
lymphatic vessels, and to be around smooth muscle cells in the vessel walls, 
bile ducts and ductules and nerve axons (Hahn et al., 1980). A more detailed 
ultrastructural study of laminin location in normal murine kidneys has shown 
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laminin to be found uniformly distributed throughout tubular basement mem- 
branes, the mesangial matrix and Bowmans capsule. In glomerular basement 
membranes however, laminin is restricted to the lamina rara interna and 
adjacent regions of the lamina densa (Madri et al,, 1980b) and has also been 
shown to be restricted to the lamina rara of human epidermal and mouse 
oesophageal epithelial basement membranes (Foidart et al., 1980b), The pres- 
ence of laminin has also been shown in Reichart's membrane, a thick mem- 
brane formed between the trophoblast and parietal endoderm cells of early 
mammalian embryos (Hogan et al„ 1980; Smith and Strickland, 1981), and 
bovine lens capsule (Risteli and Timpl, 1981). Small amounts of laminin have 
also been detected in the circulation, presumably derived from the endothelial 
lining of the vascular wall (Risteli and Timpl, 1981; Risteli et al,, 1980). 

2.3.3, Synthesis of laminin 

The synthesis and cellular location of laminin has been studied by im- 
munoprecipitation and indirect immunofluorescence techniques in both vascu- 
lar and corneal endothelial cells as a function of cell growth and organisation 
(Gospodarowicz et al., 1981). Both cell types were capable of secreting laminin 
into the incubation medium and of incorporating it into the subceUular matrix. 
Vascular endothelial cells produced nearly twenty times as much laminin in the 
medium (approximately 6% of the protein secreted into the medium) as corneal 
endothelial cells, although this may only be apparent because the latter cells 
secrete a more substantial extracellular matrix than the former and further- 
more the insoluble laminin was not quantitated. Laminin secretion into the 
medium decreased with ceU density (about four fold for vascular endotheUal 
cells, compared with approximately thirtyfold for corneal endothelial cells), 
which may reflect a preferential accumulation of laminin within the extracellu- 
lar matrix, because this reduction in secretion coincided with the production of 
such a matrix by these cells, Laminin was not detected at the apical cell surface 
in dense cultures although in sparse cultures it was detected at the extremity of 
filipodia in vascul?u"'endothehal cells and at the cell periphery in corneal 
endothelial cells. 

The synthesis of laminin or a molecule of very similar mobility characteris- 
tics has also been demonstrated in a variety of other cell types, such as 
endodermal cells (Hogan et al„ 1980; Smith and Strickland, 1980; Cooper et 
ai, 1981; Sakashita and Ruoslahti, 1980), tumour cells (Howe and Salter, 
1980; Strickland et al., 1980; Wewer et al., 1981; Alitalo et al., 1980a; Timpl et 
al., 1979), 3T3 cells, epithelial ceUs (Foidart et al,, 1980b, Timpl et al.. 1979) 
and myoblasts (Timpl et al., 1979). All these cell types are similar to endo- 
thelial cells in that the laminin they secreted into the incubation medium does 
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not, by itself, form an extensive fibrous matrix on the upper and lower surfaces 
of these cells but is incorporated into the subcellular matrix. 

2.3.4 Function of laminin 

The biological role of laminin is not known, although, it has neen suggested 
that it may be involved in functions as diverse as signalling cellular differentia- 
tion and growth, protein filtration and cell-substratum interactions. It has been 
proposed, for example, that laminin may be involved in early embryo develop- 
ment (Leivo et al, 1980) and in kidney tubule embryogenesis, being implicated 
in the increased adhesiveness of mesenchyme cells (Ekblom et al., 1980). It is, 
however, possible that in these cases laminin may be an early manifestation of 
epithelial differentiation although its assembly into a basement membrane may 
actively direct cell polarisation (Hogan, 1981), Should laminin indeed play a 
role in epithehal ceU polarisation it is likely that it may also have a sinular 
function for endothelial cells. As a glycoprotein containing high proportions of 
acidic residues and sialic acid, laminin has also been considered as one of the 
polyanions potentially capable of forming a charge barrier restricting the 
passage of plasma proteins across the glomerular basement membrane (Madri 
et al., 1980b), a membrane which has been shown to contain laminin (Timpl et 
al., 1979; Chung et al., 1979) but not fibronectin (Bray, 1978). Little is known 
of the function of Rdchart's Membrane, another basement membrane shown 
to contain laminin but little fibronectin (Hogan, 1980), but it is thought that it 
may act as a passively selective filter for substances passing from the maternal 
to the foetal environment (JoUie, 1968). Thus a high laminin to fibronectin 
ratio may be a feature of basement membranes the function of which is to act 
primarily as molecular filters rather than as sites for cell attachment and 
migration. The likely involvement of laminin as a cell attachment factor will be 
discussed in detail in Section 3.2., where the attachment of vascular endo- 
theliiun to its underlying substratum will be considered. 

2:4, Factor VIII /von Willebrand Factor (F VIII /VWF) 

The factor VIII (F VIII) complex may be described as a polydisperse high 
molecular weight plasma constituent. It is glycoprotein in character and 
exhibits a range of properties that reflect its essential role in both the 
coagulation process and the primary haemostatic mechanism (a detailed analy- 
sis of this role is given in Chapter 6). More precisely, F VIII isolated as a 
purified entity from blood, is an association of two different proteins, which 
can be separated only under certain specific experimental conditions and each 
of which possesses distinct biological activities which are in accord with the 
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bifunctional nature of the parent substance (Hoyer, 1981). One of these two 
proteins can be defined as a high molecular weight species which represents the 
major protein mass of the whole complex and comprises a series of multimers 
broadly within the molecular weight range of 1-12 X 10* (Zimmerman et aL, 
1975; Counts et aL. 1978; Pass et al., 1978; Hoyer and Shainoff, 1980; Ruggeri 
and Zimmerman, 1980). This protein can be detected by standard inununologi- 
cal techniques using heterologous antisera, as a specific antigenic moiety which 
has been termed factor Vlll-related antigen (F VIIIR : Ag), Structural investi- 
gations have indicated that it occurs as a basic assembly of four subunits, each 
of molecular weight approximately 220000. These assemblies self-associate to 
yield a series of polymers, within the molecular weight range described above, 
reaching an upper limit of approximately 12 X 10*. The protein plays an 
important part in the physiological role of blood platelets and can be identified 
or measured- by its ability to correct certain platelet-functional-defects that 
occur in its absence or when the protein is defective. Thus, in von Willebrand's 
disease, in which the protein is either functionally altered or deficient in 
amount, platelet function is consequently impaired giving rise to the ptolonga- 
tion of bleeding time that characterises this disease (Hoyer, 1976). The dis- 
turbance in platelet function can be detected as a defect in platelet adhesive- 
ness as revealed by impaired platelet retention on glass bead columns (Salzman 
1963; Bowie et al., 1969) and F VIII can be measured in terms of its ability to 
correct this defect. FVIII, as detected by demonstration of its abihty to restore 
normal platelet function in von Willebrand's disease, has been referred to as 
von WiUebrand factor (F VIII/VWF). Related to this activity of F VIII, it has 
been observed that the protein is required as a *cofactor' in the aggregation of 
human platelets induced by the antibiotic ristocetin. Plasma from patients with 
von Willebrand's disease shows a reduced ability to support ristocetin-induced 
platelet aggregation (Howard and Firkin, 1971). The restocetin co-factor 
activity of F VIII (F VIII/R: Co) appears to be associated with the largest of 
the aggregated forms of the protein. It is believed that F VIII/VWF plays an 
essential role in primiry hacmostasis in vivo by fadhtating the attachment of 
platelets to the subendothelial surface, following exposure of the latter as a 
consequence of vascular damage during injury. Defective platelet adhesion is 
regarded as the basis of the haemostatic defect in von Willebrand's disease. 
This will be reviewed in further detail later in this chapter when the F 
Vlll-coUagen interaction is discussed. 

The second protein constituent of the F VIII complex is of relatively low 
molecular weight, approximately 285000, as determined by gel filtration of the 
protein dissociated from the native complex. It exhibits the procoagulant 
activity of the parent complex, an activity that is absent in classical haemophilia 
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(haemophilia A) and has been designated therefore as F VIII : C or anti- 
haemophilic factor (AHF). 

2,4.1, Synthesis of Factor VIII /von Willebrand Factor by endothelium 

The identification of the endothelium as a possible source of F VIII/VWF 
was first indicated by immunofluorescence studies with heterologous antisera. 
These studies demonstrated the presence of F VIIIR: Ag in the intimal region 
and more specifically the endothelium of the blood vessel wall of both arteries 
and veins of various sizes and capillaries from a wide variety of organs (Bloom 
et al., 1973; Hoyer et al., 1973; Hohnberg et al., 1974). These immunofluores- 
cence studies served to prove an association of F VIII with the endothelium 
although they could not in themselves provide unequivocal evidence for its 
synthesis at this site. More convincing evidence for the actual synthesis of F 
VIII/VWF by endothelial cells arose from studies which demonstrated the 
presence of F VIII R : Ag in endothelial cell cultures and its accumulation in 
the culture medium and especially from the detection of radiolabelled F VIII 
following incubation of cells with radioactive amino acid precursors (Jaffe et 
al., 1973; Booyse et al.. 1977; Macarak et al, 1977; Sheam et al., 1977; 
Folkman et al. 1979; Johnson, 1980; Tuddenham et al., 1981) (see also 
Chapter 6). Synthesis of F VIII/VWF activity in teims of the appearance in 
cultiue medium of ristocetin cofactor activity and the ability of culture 
medium to conect the defective retention of platelets in the blood of von 
.Willebrand patients to glass beads has also been shown (Jaffe et al, 1974; 
Sheam et al. 1977). Interestingly, the concomitant synthesis of F VIII :C 
(AHF) by cultured endothelial cells has not been demonstrated. By contrast 
with these studies, it should be mentioned that Wall et al, (1980) have 
concluded that the association of F VIII/VWF with the endotheUum is 
attributable to the presence, on the surface of endothelial cells, of high-affinity 
specific binding sites that permit the adsorption and intemalisation of F VIII 
from blood, These authors consider that the accumulation of F Vlll-related 
activities in culture media aiises from the release of F VIII/VWF previously 
bound to cells prior to their culture. Additionally, Wall and coworkers were 
unable to measure any synthesis of radiolabelled F VIII following exposure of 
cultured cells to radioactive precursors. The evidence for specific binding sites 
has been contradicted by the studies of Jones et al. (1981) who were unable to 
detect any specific binding of exogenous *^^I-labelled F VIII to the surface of 
cultured endothelial cells. The presence of F VIII on the surface of cells after 
: their isolation and culture, as detected by these latter authors using im- 
munofluorescence, was attributed to non-specific adsorption or alternatively to 
the presence of F VIII as a membrane constituent. 
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Thus, several studies have presented evidence for the synthesis of F 
VIII/VWF by endothelium. Its deposition within the subendothehum where it 
appears to be closely associated with the basement membrane, has been 
demonstrated by immunofluorescence foUowing removal of the endothelium 
(Rand et al., 1980). The role of F VIII/VWF in the interaction of platelets 
with the subendothelium will be discussed later in this chapter. 

2. 5. Other glycoproteins derived from the endothelium 



2.5 J, Entactin 

The isolation, from the matrix deposited in culture by a mouse endodermal 
cell line, of a basement membrane-associated sulphated glycoprotein of molec- 
ular weight 158000, which is distinguishable from fibronectin and laminin, and 
which is termed entactin has been described (Bender et al., 1981; Carlin et al., 
1981), Immunolocalisation studies have indicated the presence of entactin in 
close association with a wide variety of basement membranes including that of 
the vascular subendothehum. The glycoprotein appears to be located in the 
basement membrane proper, but more especially, in the space between the 
membrane and its associated cells thus suggesting a possible role for it m 
cell-matrix interactions. Studies of the distribution of entactin imply its synthe- 
sis by both epithelium and endotheUum. The synthesis, by cultured endothelial 
ceils, of a sulphated glycoprotein that may conceivably be identical to entactin 
has recently been reported (Heifetz and Allen, 1982), 



2.5.2 Amyloid P -component 

Amyloid P-component, a plasma constituent known to occur in amyloid 
deposits, represents another glycoprotein recently described as of basement 
membrane origin. Its occurrence in the lamina rara interna of the glomerular 
basement membrane suggests it may be a product of the endotheUum, It also 
appears to occur in association with the microfibrillar elements of the elastic 
fibre and it has been shown to form calcium-dependent complexes with 
fibronectin and C4-binding protein (Dyck et al., 1980; de Beei et al., 1981)- 

2.53, Elastic fibres 

Although elastin is not a glycoprotein, it seems pertinent to mention here 
the presence of elastic fibres as constituents of the vascular subendothehum, 
that along with collagen fibrils and the basement membrane, are exposed in 
the event of endothelial denudation and may, therefore, potentially interact 
with platelets foUowuig injury to the vessel wall (Stemerman, 1974), 

Production of elastic fibres, including the associated microfibrillar glycopro- 
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tein component, has been shown morphologically in endothelial cultuies (Jaffe 
et aL, 1976) and synthesis of the protein elastin, has been demonstrated by 
Games et al. (1979) and by Cantor et al. (1980), Neither isolated elastin nor its 
associated microfibrillar protein has been found to possess platelet aggregatory 
activity. Furthermore, the isolated microfibrillar protein does not appear to be 
able to bind platelets and binding to elastin does not occur to any great extent 
(Ordinas et al, 1975; Barnes and Maclntyre, 1979a). It should be noted, 
however, that in contrast to these findings, others have observed the adhesion 
of platelets to microfibrillar elements (glycoprotein in character) in the suben- 
dothelium, which are exposed upon removal of the endothelium experimentally 
(Stemerman et al., 1971; Stemerman, 1974; Birembaut et al., 1982). Perhaps 
pertinent to this is the observation that the cell line BHK-21 and various other 
cell types can attach, in vitro, to elastic microfibrillar protein via what appears 
to be a fibronectin-dependent mechanism (Knox et ah, 1982). 

2. 5. 4. Thrombospondin 

The identification of thronibospondin as a major glycoprotein constituent 
amongst the products secreted into the medium by cultured endothelial cells 
has recently been reported (Doyle et al., 1980; McPherson et al.. 1981). This 
glycoprotein also occurs in the a-granules of platelets from which it is released 
following their stimulation. A role in haemostasis may be anticipated but this 
has yet to be defined. As a platelet constituent it is believed to play a role in 
platelet-platelet interactions during platelet aggregation (Jaffe et al., 1982). Its 
possible presence in the subendothelium has not so far been reported. 

2.5. 5. Anti-thrombin III 

Anti-thrombin III appears to represent another endothelial cell-derived 
plasma glycoprotein (Chan and Chan, 1981) with an important role related to 
blood clotting. As an inhibitor of thrombin, it is thought to maintain blood 
fluidity at the endothelial surface (see also Chapter 6). 

3. Interactions at the subendothelium 

J. 7. The collagen-platelet interaction 

The endothelium normally presents a non-thrombogenic surface to the circulat- 
ing blood. In the event, however, of its damage or some alteration to its 
integrity, blood platelets can interact with the exposed subendothehal tissue. 
This may lead to their aggregation and to the formation of mural thrombi. The 
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aggregation of platelets by elements of vascular (or other) connective tissue 
following exposure of one to the other as a consequence of injury to the vessel 
wall, has long been recognised as an important event in permitting the 
development of the haemostatic plug which leads to the arrest of bleeding 
(Barnes, 1982)- Collagen was identified as the constituent in the extracellular 
matrix interacting with platelets during early investigations and the demonstra- 
tion of the ability of coOagen fibres to cause platelet aggregation in vitro was 
first made some twenty years ago (Bounameaux, 1959; Hugues, 1960; 
Kjaerheim and Hovig, 1962; Zucker and Borelli, 1962; Hovig, 1963). No other 
isolated matrix constituent of the vessel wall has been found to possess platelet 
aggregatory activity (Barnes and Maclntyre, 1979a). It is now recognised that 
through their effect on platelets, collagens in the vessel wall may also promote 
the sequence of reactions associated with coagulation, the occurrence of which 
also helps to prevent the escape of blood after injury. The two processes of 
platelet aggregation and coagulation are intimately related, the one augmenting 
the other Thus, they act in concert to affect haemostasis and to localise the 
events associated with this phenomenon to the site of injury. As a consequence 
of their ability to interact with platelets collagens can also be regarded as 
potentially active agents in the induction of thrombosis, especially those 
collagenous elements that are present in the inunediate subendothelial locaUty 
and, therefore, most likely to be exposed foDowing a loss or disturbance in 
endothelial integrity. Furthermore those in the atherosclerotic plaque, exposed 
when a plaque 'spUts' could also be important. A knowledge of the . precise 
platelet reactivity of these particular collagens is a matter of some considerable 
significance as regards an appreciation of the thrombotic potential of the 
subendothehum in both 'normal' and diseased (atherosclerotic) blood vessel 
wall. Activation of platelets by collagens in the vessel wall may also be an 
important event in the initial stages of athcrogenesis, Ross and Glomset (1976) 
have summarised the evidence for the view that atherosclerosis represents a 
reponse to injury, involving a sequence of reactions in which following some 
type of insult to the' endothehum, platelets then attach to the wall surface at 
the site of the endothelial lesion. Damage to the endothelium may conceivably 
be haemodynamic in nature or may occur as a result of its exposure to toxic 
elements in cigarette smoke or to high levels of plasma lipoproteins or from 
some other cause. Platelets adhering to constituents in the subendothehum, 
presumably collagenous in nature, are stimulated to secrete factor(s) that cause 
the proliferation of smooth muscle cells that accumulate at the site of injury 
following their migration from the media. These cells then assume a synthetic 
activity, and deposit an extracellular matrix which is largely collagenous in 
nature and which contributes to the substance of the growing atherosclerotic 
plaque. 
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3J.L The platelet reactivity of individual collagen types 

Several laboratories have compared the platelet-aggregating ability of the 
two interstitial collagen types I and III and there is general agreement that 
when exposed to platelets in fibrillar form both are potent aggregalory agents. 
When presented in solution (i.e. as the monomeric species tropocollagen) it has 
been commonly observed that collagen type III is very much more potent than 
type I. However, preincubation of the solution (in platelet-poor plasma, for 
example) at 37 ^'C or prior dialysis against a low-ionic strength phosphate 
buffer (procedures both known to promote the formation of native-type 
collagen fibrils of 67 nm periodicity) leads to an increase in the aggregatory 
activity of each collagen and the large difference in activity previously noted is 
no longer apparent. These observations are entirely in accord with the concept 
that collagen(s) can only induce platelet aggregation if they are in fibrillar 
fonri. The enhanced activity of type III, as compared to type I, when presented 
to platelets in solution must presumably reflect a more ready ability of collagen 
type III to form fibrils in platelet-rich plasma (Balleisen et al.. 1975; Barnes et 
al., 1976a; Hugues et al., 1976; Santoro and Cunningham, 1977). Since both 
coUagens possess a comparable aggregatory activity as fibres both are likely to 
play a role in haemostasis. Furthermore because both are located in the 
subendothelium (at least of the ageing vessel wall, where some degree of diffuse 
intimal thickening can be expected) and in the intimal plaque they must each 
be regarded as being of importance in the context of thrombosis. 

Initial studies with collagens types IV and V suggested that these coUagens 
were unable to induce platelet aggregation (Barnes and Maclntyie, 1979a, 
1979b; Trelstad and Caivalho, 1979; Barnes et aL, 1980). Thus, solutions of 
these collagens, even following pretreatment under conditions known in other 
cases to induce the formation of highly active fibrils of 67 nm periodicity, 
failed to exhibit any platelet aggregatory activity. However, it seemed very 
likely that this inactivity was due to the absence of a suitable fibrillar structure 
rather than any inabiUty of collagen types IV and V to aggregate platelets per 
se. These collagens are not thought to occur as fibrils of 67 nm periodicity in 
vivo and difficulty in generating this type of fibril from their solutions in vitro 
has been a common experience. In order to assess the influence of quaternary 
structure on the platelet reactivity of collagens type IV or V, Barnes et al. 
(1980) investigated the activity of other possible polymeric forms, namely 
segment-long-spacing (SLS) aggregates in which the molecules are aligned 
laterally in a head-to-head, tail-to-tail arrangement. Collagen types IV and V 
were found to form this type of structure under the same conditions used to 
generate SLS aggregates of the interestitial collagens. Such structures were 
found, like those of type I collagen (Muggli, 1978; Wang et al, 1978), to 
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induce the aggregation of platelets (see Fig. 5.2). thus further emphasising the 
importance of the quaternary st^cture in relation to the ability of any pven 
coUagen to cause platelet aggregation. Prior to testmg ^LS aggregates were 
stabilized by formaldehyde treatment and this produced end-to^nd polymeri- 
sation of aggregates to yield fonns which the authors in ^I'JJL^^^Xte^v 
represent the true aggregating species (see Wang et al.. 1978)^ Subsequ«°'!y. 
other polymeric forms of these two coUagens. including type V-denved ibnls 
of 67 nm periodicity, produced by prolonged dialysis of a type V solution 
against physiological saline at 25«C. and non-stnated fibnls of type IV 
collagen (from human placenta) were found to possess platelet aggregatory 
activity (Banies et al.. 1980; see Fig. 5.3). Others have also mdependently 
reported the abiUty of coUagen types IV and V in a fibrillar form to aggregate 
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Figure 5.2. Platelet aggregation by SLS polymers of collagens types /, IV and V 
The results of two separate experiments are shown. Activity was measured at the concentrations 
specified- (A) AggregaUon by SIS fonns of Types IV and V collagen (frotn human ptacenU) and 
by native-iype fibrils of Type I (from bovine tendon); (B) AggregaUon by SLS forms of Types IV 
and V coUagens from human placenta and Type I from rat tail tendon (SLS ag^egat^ of Type I 
collagen from human placenta behaved similarly to those of Type 1 from rat tendon). Reproduced 
with permission from Barnes et al., 1980 {Thromb, Res. 18, 375-388). 
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Figure 5.3. Platelet aggregation by collagens types iV and K 

(A) Type I and Type V collagen fibrils of 67 nm periodicity fonned by dialysis of solutions of these 
coUagens from human placenta against physiological saline at 1S^C\ (B) non-striated fibrils of 
Type IV collagen (from human placenta) formed by dialysis of a solution against 0 02 M 
Na2HP04 compared to native-type fibrils of Type I (from bovine tendon). Activity was measured 
at the concentrations specified. Reproduced with permission from Barnes et al., 1980 {Thromb. 
Res. 18. 375-388). 



platelets (Balleisen and Rauterberg, 1980; Chiang et al.. 1980; Tryggvason et 
al., 1981). 

Qearly then, collagen types IV and V, like the interstitial collagens, have the 
ability, when they assume an appropriate quatemaiy structure, to interact with 
platelets to cause their aggregation. The question remains, what is the platelet 
reactivity of these two collagens in the subendothelium? Their existence as 
fibrils of 67 nm pediodicity in vivo has not been proven (fibrils of this nature 
are not observed in basement membranes) and their precise quaternary struc- 
ture remains unknown. The possibility exists that these collagens may occur in 
the subendothelium in a form that is imable to induce the aggregation of 
platelets. They may, rather, permit platelet adhesion to the subendothelium in 
the absence of aggregation.- Baumgartner and his co-workers (Baumgartner, 



137 



1977; Baumgartner and Muggli, 1976) have described the interaction of 
platelets with the subendothelium of rabbit aorta exposed experimentally by 
use of a balloon catheter. Following attachment to the subendothelium plate- 
lets underwent aggregation but the aggregates then rapidly dispersed leaving, 
essentially, a monolayer of ceUs covering the surface. The ability of platelets to 
adhere in this manner to the subehdothelial surface, following its exposure by 
alteration in the integrity of the overlying endothelium, has been noted in a 
number of other instances (Majno and Palade, 1961; Movat and Fernando, 
1963; Tranzer et al., 1968; Ts'ao and Glagov, 1970; Schwartz and Benditt, 
1973). For example, platelets are seen to fill the gaps between endothelial cells 
induced by the use of reserpine (Tranzer and Baumgartner. 1967). It is believed 
that this phenomenon may be of possible importance, in maintaining endo- 
thelial integrity in vivb. Baumgarter (1977) considered that the basement 
membrane is responsible for the adhesion of platelets in these situations. 
Others have advanced a possible role for elastic fibres and their associated 
microfibrillar elements, both of which have been identified as components of 
the subendothelial surface (Stemerman, 1974; Birembaut et al-, 1982). How- 
ever, neither of these structural elements reveal much platelet binding activity 
when in an isolated form (Ordinas et al., 1975; Baines and Maclntyre, 1979a). 
Baumgartner has observed that following treatment of the subendothelium 
with a-chymotrypsin, which removes basement membrane (and the microfibril- 
lar component of the elastic fibre), the total surface coverage with platelets is 
reduced, although at sites where adhesion does occur aggregation proceeds 
more readily. This has been attributed to the greater accessibility of interstitial 
collagen fibrils in the subendothelium to platelets foUowing chymotrypsin 
treatment. The precise platelet reactivity of basement membranes, e.g. anterior 
lens capsule or glomerular basement membrane, has been the subject of some 
uncertainty, but it would seem that these structures, when examined as intact 
entities, may permit adhesion in the absence of aggregation (Huang et al., 
1974; Freytag et aL, 1978; Huang and Benditt, 1978; Barnes et al., 1980). This 
adhesion has been attributed to a noncollagenous glycoprotein (Huang and 
Benditt, 1978), Nevertheless, the present authors consider that the possibility 
still remains that collagen types IV or V may play a role in the adherence of 
platelets to the subendothelium. Of particular interest in this context is the 
observation of BaUeisen and Rauterberg (1980) that collagen type IV, * short- 
chain' collagen and the type V-derived A-chain, although in a form imable to 
induce platelet aggregation could, however, promote the spreading of platelets 
on plastic (Zaponlack). 

The precise platelet reactivity of the subendothelium and the identification 
of the components involved in the interaction remain important issues, particu- 
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larly with regard to thrombosis. How far this disease may involve the straight- 
forward aggregation of platelets by interstitial coUagens exposed through 
injury, or, alternatively, the exposure of a surface that normally permits only 
adhesion but that in the disease has become altered so that aggregation can 
occur (reflecting either a change in collagen composition or in platelet reactiv- 
ity of collagen(s) not normally able to induce platelet aggregation), has still to 
be resolved- 

3 J. 2, The role of intermediary proteins in the collagen-platelet interaction 

3.L2.L Fibronectin. As discussed elsewhere in this chapter, fibronectin is a 
product of the endothelium which has been shown by inmiunofluorescence 
procedures to occur in the subendolhelial matrix. At this site it may play an 
important role in cell-cell and cell-matrix interactions, including those involved 
in the attachment of endothelial cells to their underlying substratum. This 
glycoprotein, which is known to form complexes with collagens and other 
types of molecule, occurs in the blood as a soluble component and has also 
been shown to occur in platelets where, following their stimulation, it is in part 
released (Zucker et al., 1979a) and in part accumulates on the platelet surface 
(Ginsberg et al., 1980). Platelets stimulated by thrombin have also been shown 
to bind plasma fibronectin (Plow and Ginsberg, 1981). Such observations have 
led to the consideration that fibronectin may be involved in the process of 
platelet adhesion, either to non-platelet surfaces or in platelet-platelet interac- 
tions (platelet aggregation). Bensusan and his colleagues (Bensusan et al., 1978) 
have proposed that this protein may mediate in the interaction between 
collagens and platelets. They found, for example, that following sonication of a 
mixture of platelets and collagen, fibronectin could be detected bound to the 
collagen moiety. Furthermore, preincubation of collagen with fibronectin 
inhibited the collagen-platelet interaction. In support of the possible involve- 
ment of fibronectin in platelet adhesion, a number of authors has described the 
ability of this protein to enhance the attachment and spreading of platelets on 
collagen and gelatin substrata (Hynes et al., 1978; Giinnell et al., 1979; 
Koteliansky et al.. 1981). Others however, have questioned any role for 
fibronectin in the collagen-platelet interaction. Sochynsky et al. (1980) con- 
cluded that since inhibition of platelet adhesion to collagen by preincubation 
of the latter with fibronectin was achieved only after a preincubation period of 
some minutes, this was too slow for it to be considered likely that fibronectin 
participated in the adhesion process, in vivo, which by compaiison was a very 
much faster event. In accord with this conclusion, Cohen et al. (1981) have 
demonstrated that the presence of exogenous fibronectin has no effect on the 
rate or extent of platelet aggregation induced by a variety of agents, including 
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collagen. Exposure of platelets to anti-fibronectin antibodies has been shown 
to have little effect on the adhesion of platelets to collagen (Santoro and 
Cunningham, 1979; Sochynsky et al., 1980). Furthermore, preincubation of 
platelets with gelatin, which is beheved to interact with fibronectin much more 
effectively than native collagen (see Section 2.3.) did not effect adhesion to any 
great extent and did not prevent aggregation (Santoro and Cunningham, 1979). 
This argues against the participation of fibronectin on the platelet surface in 
the collagen-platelet interaction. It should be noted, however, that Bensusan et 
al. (1978) found that platelet fibronectin interacted more readily with native 
collagen than gelatin- The precise role of fibronectin in the collagen-platelet 
interaction thus remains obscure and it has been argued (Sochynsky et al., 
1980) that in view firstly of the inhibition of platelet adhesion to collagen 
following preincubation of the latter with fibronectin and secondly because it 
is possible that collagens in the subendothelium are saturated with fibronectin, 
the latter may even serve to discourage, rather than promote, interaction of 
platelets with the subendothelium. 

3,1.2.2. Laminin, In view of the identification of the glycoprotein laminin 
as a constituent of basement membranes, it is not unreasonable to consider the 
possible involvement of this protein in the adherence of platelets to the 
subendotheUal basement membrane. Laminin has been reported to mediate the 
preferential attachment of isolated epithelial cells to a collageneous substratum 
composed of the basement membrane collagen, type IV (see Section 3.2). 
Although laminin possesses no platelet aggregatory activity, nor is it able to 
inhibit or prevent the aggregation of platelets by interstitial collagens (Trygg- 
vason et al, 1981), its ability to actively promote the collagen-platelet interac- 
tion or to facilitate the adhesion of platelets to basement membrane has not, so 
far, been specifically investigated. 

3 J, 23. Factor VIII /von Willebrand factor The role of plasma F 
VIII/ VWF in primary haemostasis is believed to be one of facilitating or 
promoting the interaction of platelets with the subendotheUal surface. Thus 
Baumgartner and his 'colleagues (Baumgartner et al., 1977, 1980) have observed 
that platelets in blood from patients with von Willebrand's disease show 
defective binding to the exposed subendothelium of rabbit aorta. Platelets 
from normal individuals, after treatment of the blood with anti-F VIII/VWF 
antibodies, show an even more greatly impaired adhesion. The defect is only 
obvious at high shear rates, such as those appertaining to capillary flow. 
However, if the subendotheUal surface is treated with chymotrypsin, which 
removes the basement membrane and the microfibrils associated with elastic 
fibres thereby accentuating the exposure of collagen fibrils, then the attach- 
ment of platelets to the latter is defective even at the relatively low shear rates, 
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normally occurring in large blood vessels. Furthermore, aggregation of plate- 
lets (once attachment has occurred) also appears to be inhibited. The studies of 
Sixma and his associates (Sakariassen et ai., 1979; Bolhuis et al., 1981) have 
also illustrated a defective binding of platelets to subendothelium when F 
VIII/VWF is deficient. These authors, by using '^^MabeUed F VIII/VWF, 
have been able to demonstrate that the attachment of platelets is preceded by 
an attachment of F VIII/VWF and have also observed, Uke Baumgartner and 
colleagues, that F VIII/VWF promotes the spreading of attached platelets. 
These observations may also be consistent with those of Booyse et al. (1981) 
who have described a decreased interaction between isolated platelets and the 
matrix produced in culture by endothelial cells derived from the aorta of pigs 
with von Willebrand's disease. 

This evidence for the mediation of F VIII/VWF in the reaction of platelets 
with a subendothelial surface, including their interaction with collagen fibres at 
this site, suggests that F VIII/VWF and collagen may directly bind or adhere 
one to the other, serving thereby to promote the interaction between platelets 
and collagen. Indeed, evidence to this effect has been presented by investiga- 
tors from a number of different laboratories. Nyman (1977, 1980) has studied 
the interaction between F VIII/VWF and a number of different commercial 
collagen preparations largely, if not wholly, type I in composition. Fibres 
reconstituted in vitro from solutions of commercial preparations of water- or 
acid-soluble calf-skin collagen were found to adsorb F VIIIR : Ag from plasma 
with the apparent concomitant dissociation of F VIII : C activity from the F 
VIII complex. By contrast, fibre suspensions from conunercial preparations of 
'insoluble' collagen (comprising native collagen fibres originally formed in 
vivo) failed to interact with F VIIIR: Ag. Legrand et al- (1978) reported that 
fibres reconstituted from a solution of highly purified pepsin-solubilised type 
III collagen from calf skin were very much more active than similar fibres from 
type I collagen, which exhibited relatively poor adsorption of F VIIIR : Ag. 
Type III fibres did not cause dissociation of the F VIII : C activity. This might 
imply that the activity observed by Nyitian (1977, 1980) was due to the 
presence of some type III collagen in the commercial preparations used. 
However, Santoro (1981) has reported that reconstituted native- type fibres of 
highly purified human collagens, types I, II, and III obtained by pepsin 
digestion, all adsorbed F VIIIR :Ag and FVIII R:Co from plasma very 
effectively, with some concomitant release of the F VIII : C activity. In all of 
these studies the interaction between collagen and F VIII has been demon- 
strated by incubation of a suspension of collagen fibres in plasma and 
measurement of FVIII-related activities following the subsequent removal of 
collagen fibres by centrifugation. In studies in the authors' laboratory, the 
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binding of F VIII/VWF to a variety of collagens has been examined by 
measuring the adsorption of purified '^I-labelled F VIII to air-dried collagen 
films prepared by allowing collagen solutions in dilute acetic acid to evaporate 
to dryness. Using this technique we and our colleagues (Scott et al-, 1981) have 
found comparable binding of F VHI by the interstitial collagens, types I and 
III and by basement membrane collagen type IV and the basement 
membrane-associated collagen, type V (see Fig. 5.4). Binding was found to be 
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Figure 5.4, Inter action between F VIII/ VWF and collagens, 

(A-D) Binding of '^*I-F VIII/VWF to air dried collagen films. Binding is indicated by a decrease 

in radioactivity in the F VIII/VWF solution. (A) a a, untreated welb; • wells 

treated with 6>g collagen (bovine tendon type I fibres); ▲ -k, wells treated with 60 tig 

collagen. (B) • wells treated with 2 pg collagen (human placenta type I); O O, 

wells treated with 2 fig collagen and assayed in the presence of a 25 fold excess concentration of 

unlabelled F VIII/VWF; a a» wells treated with 2 jig collagen and assayed in the presence 

of a 10 fold molar concentration of fibronectin lelative to that of F VIII/VWF- Results in this 
case arc expressed as the percent of *^^I-F VIII/VWF unbound to the collagen films. (C) 

A 6 ng of collagen (bovine tendon type I fibres); • 6 jig of denatured collagen 

(10 min at 1Q0**C)- (D) • #, type I coUagen; ▲ a, type III; ■ type IV; 

O O, type V. All collagens were from human placenta. Wells were treated with a soluticMi 

containing 2 |Ag of the appropriate collagen. (E) Binding of *^^I-F VIII/VWF to bovine tendon 
collagen fibres in suspension. '^*I-F VIII/VWF binding is indicated by the increase of *^^I 
associated with collagen fibres. Reproduced with permission from Scott et al,. 1981 (Thromb. Res, 
24, 467-472). 
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unaffected by the presence of fibronectin suggesting sepaiate binding sites on 
the collagen molecule for fibronectin and F VIII/VWF, Binding to native 
collagen was found to be more effective than to the denatured form, gelatin. 
We have also examined the binding of *^^I-labelled purified F VIII/VWF to a 
suspension of type I collagen Fibres using a very finely dispersed preparation of 
native bovine tendon fibres. In contrast to the data of Nyman (1977. 1980) we 
found these native fibres, formed in vivo, absorbed F VIII/VWF rapidly, 
saturation being achieved in ten minutes or less (Fig. 5.4). 

Consistent with these investigations demonstrating that an interaction be- 
tween collagen and F VIII may be important in promoting platelet activation 
by collagen, Baugh et al, (1979) have reported that preincubation of a solution 
of collagen (from calf or guinea pig skin) with bovine F VIII/VWF, prior to its 
addition to a platelet suspension, causes collagen-induced aggregation at 
concentrations of collagen below those required for aggregation when collagen 
alone is added. An enhanced platelet-aggregatory activity of insoluble collagen 
fibres (equine) was also noted and in this case preincubation of collagen and F 
VIII was not necessary. In addition. Morin et al. (1980) have noted a decreased 
adhesion of platelets, in vitro, to collagen fibrils suspended in platelet-rich 
plasma prepared from the blood of patients with von Willebrand's disease. 

The role of the F VIII/VWF actually contained within the platelet (as 
opposed to that occurring in the F VIII complex in plasma) in the collagen- 
platelet interaction is unclear but there is some evidence that it may be 
important in the platelet-platelet interactions that occur following the adhesion 
of platelets to collagen (Baumgartner et al, 1980). It has also been proposed 
however that it may be important in the binding of F VIII : C (Zucker, 1979b). 

3,2, The roles of fibronectin and laminin in cell-matrix interactions 

Fibronectin has been demonstrated to promote the attachment and subsequent 
spreading of a variety of cell types on artificial substrata such as plastic or 
glass (Pearlstein, 1976; Juliano and Gagalang, 1977; Pena and Hughes, 1978; 
Grinnell and Minter, 1978; Grinnell, 1976; Grinnell and Hays, 1978; Be- 
nedetto et al., 1981; Harper and Juliano, 1981), or on an extracellular matrix 
component such as collagen (Klebe, 1974; Klebe et al., 1977; Pena and 
Hughes, 1978; Kleinman et al.. 1978; Luisenmayer et al., 1978; Murray et al., 
1979; 1980; Chicquet et al., 1979; Gold and Pearlstein, 1980; Berman et al., 
1980; Rich et al., 1981; Schor et al„ 1981). Fibronectin has also been 
impUcated, at least in part, in the attachment of metastatic melanoma cells to 
the basal lamina of cultured endotheUal cells (Nicholson et al., 1981) and of 
transformed fibroblasts (PyBHK cells) to blood vessel subendothehxun (Pearl- 
stein and Hoff stein, 1981). 
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The actual mechanism by which fibronectin acts as an attachment inter- 
mediary is thought to involve the initial binding of fibronectin to collagen 
(Klebe, 1974; Kleinman et al. 1978; Pearlstein, 1977). This, it is suggested, 
may result in a conformational change in the fibronectin molecule (Pearlstein, 
1977), which is followed by the binding of the matrix-fibronectin complex to 
the cell surface. This latter process requires the presence of calcium and 
magnesium ions (Klebe et al. 1977) and is an energy dependent step (Juliano 
and Gagalang, 1977; Shiba and Kanno. 1977). Other components of the 
extracellular matrix have been suggested to participate in this fibronectin 
mediated ceU adhesion. Hyaluronate and heparan sulphate (Jilek and Horman, 
1978; Stathakis and Mosscsson, 1977; Yamada et al., 1980), for example, have 
been shown to stabilise fibronectin-collagen binding and it is possible that the 
relatively low level of fibronectin binding to native collagen may be due to the 
absence of additional participatory macromolecules such as proteoglycans 
which may promote the interaction (Jilek and Horman 1978; Johansson and 
Hook 1980). 

There have, however, been a number of reports in which certain cell strains 
such as WI-38, MRC-5 and human conjunctiva cells (Taylor, 1961; Witkowski 
and Brighton. 1971; Rajaraman et al., 1974), have been shown to attach and 
spread in the absence of exogenous fibronectin. The present authors have 
found this to be the case also with endothelial cells. We have been studying the 
attachment of porcine aortic and bovine corneal endothehal cells with the 
purpose of gaining some insight into the factors controlling the binding of the 
endothelium to its underlying substratum. We have found that these cells 
attached to and spread on a variety of collagen types with the vascular cells 
binding very much more effectively than those from the corneal endothelium 
(Fig. 5.5). Cells from the latter source consistenUy revealed slower binding to 
type V collagen. The binding of endothelial cells from both sources to coDagen 
type I was consistently more rapid than to other collagen types but by conUast 
with epithelial cells they exhibited no preference for basement membrane (type 
IV) collagen. The attachment or spreading of both endothehal cell types to 
these collagens was generally independent of the addition of exogenous 
fibronectin. This finding is in contrast to the studies of Gold and Pearlstein 
(1980). who reported that human umbilical cord endothelial cells were com- 
pletely dependent on the presence of exogenous fibronectin for their binding to 
collagen (type I). It has been shown that normal diploid cells generally secrete 
higher levels of fibronectin than established or transformed cell lines (Vaheri 
and Ruoslahti; 1975; Mosher, 1977; Yamada et al„ 1976; Olden and Yamada, 
1977). Furthermore, cells maintained m senim-free medium (and therefore in 
the absence of exogenous binding factors such as fibronectin) are known to 
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deposit a substantial sub-cellular matrix (Yaoi and Kanaseki, 1972; Pegrum 
and Maroudas. 1975) that may conceivably be involved in their attachment. 
ConsequenUy, it has been suggested by Grinnell (1978) and subsequently 
shown by Grinnell and Feld (1979) that certain cell types such as fibroblasts 
are capable of binding to, and spreading upon, fibronectin (or a fibronectin-like 
protein) secreted by the cells themselves and deposited on to the underlying 
substratum. In accord with this suggestion we have also found in our studies, 
using antiserum specific for bovine fibronectin, that the attachment of bovine 
corneal endothehal cells (and possibly by impUcation other endotheUal cells) to 
collagen (type I) appears largely to involve endogeneous fibronectin (Fig. 5,6.). 
This observation is consistent with the synthesis of high levels of fibronectin by 
endothelial cells (see Section 2,2,4,)- 

It has also been suggested that some cell types may only recognise collagen 
in certain physical conformations, although the interpretation of some of these 
results is somewhat controversial. Studies using three dimensional native 
collagen gels have indicated that cell adhesion to these gels is independent of 
fibronectin, even in the case of cell lines that have otherwise been shown to 
exhibit either a partial (Linsenmayer et al., 1978; Kleinman et al., 1979; 
Harper and Juliano, 1981) or a complete (Grinnell and Minter, 1978; Rubin et 
al., 1978; 1981a; 1981b; Schor and Court, 1979; Grinnell and Bennett, 1981; 
Schor et al., 1981) dependence on fibronectin for their binding to either 
air-dried native collagen fihns, or to gelatin-coated surfaces. Thus, it may be 
that cells may interact with native collagen gels without fibronectin involve- 
ment and bind directly to collagen via a membrane bound receptor, as has 
been described for fibroblasts with type I collagen (Goldberg, 1979) and for 
smooth muscle cells with type V collagen (Grotendorst et al., 1981). Conse- 
quently, the view has been expressed that cell adhesion to collagen may not 
require fibronectin in vivo, but thslt under certain circumstances, the presence 
of fibronectin in specific regions of the connective tissue matrix may modify 
adhesive interactions. 

The second major glycoprotein which has been implicated in cell-collagen 
attachment is laminin, a large glycoprotein which has been shown to occur in 
association with various membranes, including those of the blood vessel 
endothelium (see Section 2,2.1.) where it may play an important role in the 
adhesion of endothelial and possibly other cell types. Epithehal cells from 
various sources (Murray et al, 1979; Hughes et al., 1979; Wicha et al., 1979; 
Terranova et al., 1980) have been shown to bind poorly to the interstitial 
collagens but show a preference for type IV collagen by a mechanism not 
stimulated by serum or fibronectin. Terranova et al, (1980) have shown that at 
least for the PAM 212 epitheUal cell line, and possibly other epithelial cells. 
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Figure 5. 5. Attachment of vasailar and corneal endothelial cells to collagen and other connective tissue 
proteins. 

Air-dried films of native collagen (types I to V), fibronectin (FN) or laminin (2.9 ftg of protein 
cm~^) were prepared as described by Kleinman et al, (1979) and preinCubated for 90 min at 37**C 
with cither: (a) DuIbecco*s Minimum Essential Medium (DMEM) alone or (b) DMEM 
containing 10% (v/v) foetal calf serum or FN (25 iig ml" B. Confluent monolayer cultures of 
porcine aortic or bovine corneal endothelial cells were trypsinised to form monodisperse cell 
suspensions. The cells were then allowed to attach to the protein-coated surfaces for 60 min in the 
presence of BSA (25 (ig ml~*). Unattached cells were then washed off and counted electronically, 
and from this value the percent of attached cells determined (unpublished data; Scott, D M., 
Murray, J.C and Barnes, M J.)- 



this binding to type IV collagen is mediated by laminin. The mechanism 
whereby laminin binds cells to type IV collagen is thought to be similar to that 
described for fibronectin, in that the molecule ininitially binds to type IV 
coUagen and the cell then binds to the coUagen-laminin compliex. Johansson et 
al. (1981) have shown that rat hepatocytes are capable of binding equdly well 
to either laminin or fibronectin. We have also shown that porcine vascular and 
bovine corneal endothelial cells (Fig. 5.5) and smooth muscle cells (data not 
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shown) are also capable of attaching effectively to either laminin or fibronec- 
tin. Thus it would appear hkely thai cells, such as endotheUal cells, which are 
capable of synthesising both laminin and fibronectin (Gospodarowicz et al., 
1981; see section 2. 3.3. and 2,2.4), may attach to a variety of collagen types 
utilising mechanisms involving fibronectin and/or laminin- Such characteris- 
tics may be important in the repair of damaged endothelium when it is possible 
that any of the collagens of the subendotheUum may be exposed. 

Recently, the ability of tumour and other cell types to bind to endothelial 
cells and their basal lamina has been studied (Vladovsky and Gospodarowicz, 
1981; Nicholson et al., 1981; Pearlstein and Hoffstein, 1981). Metastatic 
melanoma cells were shown to bind (although poorly) to cultured endotheUal 
cell monolayers (which do not show apical surface fibronectin) via a non- 
fibronectin binding mechanism, although they bound to the basal lamina 
synthesised by endothelial cells by a process at least partially mediated by 
fibronectin (Nicholson et al-, 1981)- Pearlstein and Hoffstein (1981) have also 
shown that the binding of transformed fibroblast cells to the subendotheUum 
(authentic blood vessel subendotheUum) was not exclusively via fibronectin. 
These studies thus indicate that metastatic cells probably bind to the subendo- 
theUal basal lamina via a variety of adhesive mechanisms and that each class of 
adhesive interaction may, individually, play only a partial role, but collectively 
they play a major role in the successful blood-borne arrest and extravasation of 
these cells, or the enhancement of their implantation and subsequent estabUsh- 
ment as secondary tumours. 

Other protein molecules have also recently been suggested to play a role in 
the binding of certain cell types to collagens. For example a large serum borne 
glycoprotein (which has also been shown to be secreted by chondrycytes) 
termed chondronectin has been impUcated in the binding of chondrocytes to 
type II collagen (Hewitt et al., 1980). Fibronectin however, appears to be 
involved in the spreading of these ceUs once bound. Recently two other 
collagen binding proteins of lower molecular weights(70000 and 58000) have 
been shown to be synthesised by a number of normal and maUgnant adherent 
cells (Vartio and Vaheri, 1981), and rat hepatoma cells (Dickey and Seals, 
1981) respectively. Whether such proteins play a role in the attachment of cells 
to the subendotheUum is not known. 

Considering that the vascular endotheUum is subjected to the severe hydro- 
dynamic forces of the blood it is important that the vascular endotheUal ceUs 
are anchored securely to the underlying substratum in order to maintain, 
amongst other properties, the non-thrombogenic nature of the blood vessel 
wall. In view of the evidence for the involvement of fibronectin and laminin 
(both of which are found in detectable amounts in, or in association with, the 
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Figure 5.6. Effect of artti-fibronectin antiserum and antibody on endothelial cell attachment to collagen 
and fibronectin. 

Air-dried collagen films (coUagen type I) were prepared as described in Fig. 5,5. Appropriate 
surfaces were coated with human FN by incubation (90 min, yT^C) with a solution (25 ^% m! ) 
of the protein. ConHuent monolayer cultures of bovine corneal endothelial ceUs weie trypsinised to 
form monodisperse cell suspensions. The cells were then allowed to attach (in the presence of BSA, 
25 Jig ml'*) for 60 min to either human FN, air-diied collagen or aii -dried collagen coated with 
human FN, in the absence (indicated as test in the figure) or presence of rabbit anti-human FN 
antiserum (10%. v/v) or rabbit anti-bovine FN antibody (54 jig ml »). CeUs prior to attachment 
were incubated for 45 min at 37*C in either DMEM (test sample) or DMEM containing anti-FN 
antiserum or antibody as indicated in the figure. AnU-human FN antiserum although effectively 
inhibiting cellular attachment to exogenous human FN did not prevent binding to untreated 
(FN-free) collagen surfaces. However binding to the latter appeared to be largely mediated by 
endogenous FN since it was markedly inhibited by anti-bovine-FN antibody (UnpubUshed data; 
Scott, D M., Murray, J.C- and Barnes, MJ )- 



subendothelial basement membrane) in the cell-attachment process, it is likely 
that one of the major functions of these molecules is to provide strong 
anchorage of endothelial cells to the subendothelium. FoUowmg damage and 
loss of endothelial integrity it is possible that these molecules may have an 
important part to play in endothelial repair (see also Chapter 13), although it 
should also be borne in mind that their possible interactions with other cell 
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types such as macrophages, platelets or tumour cells may perhaps play a role in 
the pathogenesis of vascular disease. 

4. Summary 

The arterial subendothelium is generally recognised as containing a number of 
morphologically distinct elements including collagen fibres, elastic fibres with 
their associated microfibrillar structures and amorphous material constituting 
the basement membrane. Amongst the variety of products that have been 
identified in a subendothelial matrix as constituents of, or as associated with, 
these different entities can be listed a number of glycoproteins including (1) 
collagens types I and III (the interstitial collagens) which occur in fibrous 
form, collagen type IV which is located in the basement membrane and 
collagen type V which is also closely associated with this structure; (2) 
fibronectin, laminin and other non-coUagenous glycoproteins such as entactin 
and amyloid P-component, which are either constituents of the basement 
membrane or appear to be closely associated with it; and (3) glycoproteins 
associated with tlie elastic fibre, including the microfibrillar element and 
amyloid P-component, already referred to as a constituent of the basement 
membrane. 

Most, if not all, of these proteins can be synthesised by cells derived from 
the endothelium in vitro and the origin of at least some of these proteins in the 
subendothelium can reasonably be regarded as being primarily from this 
source in vivo. Other components of the subendotheUum, such as type I 
collagen, may perhaps be regarded as being derived from smooth muscle cells 
that have migrated into the intimal space during the course of intimal thicken- 
ing, than from endothelial cells. The relative importance of the one cell type as 
compared to the other in the synthesis of any particular individual constituent 
of the subendothelium is in many cases as yet unclear, since both cell types can 
synthesise many of the proteins described above in vitro. 

As products of the endothelium, some of these proteins also occur in the 
circulation, such as fibronectin (which exists in plasma as a soluble product 
commonly designated cold-insoluble globulin or plasma fibronectin), and 
amyloid P-component. Factor Vlll/von Willebrand factor represents a further 
example of a glycoprotein produced by the endothelium that occurs in the 
plasma, as part of the factor VIII complex, and has also been identified in the 
subendothelium. 

The precise structural and functional inter-relationships between these 
proteins as regards their possible role in the correct functioning of the 
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circulatory system or in such processes as repair of the damaged vessel wall, or 
those involved in the prevention of loss of blood at sites of injury, have yet to 
be fully elucidated. This chapter has considered two aspects of such inter-re- 
lationships, firstly in the response of platelets to the subendothelial surface 
following its exposure as a consequence of injury and secondly in the attach- 
ment of the endothelium to its underlying substratum. 

The aggregation of platelets by fibrillar collagens is regarded as an im- 
portant event in primary hacmostasis and the interaction of platelets with 
collagenous elements in the subendothelium following exposure of the latter as 
a result of damage to the endothelium may be an important aspect of 
thrombosis and atherosclerosis. As summarised in this chapter, there is consid- 
erable evidence to support the proposal that factor VIII/ von Willebrand 
factor plays an important intermediaiy role in the interaction of platelets with 
collagen in the blood vessel wall and the ability of this protein to bind to a 
variety of collagen types has been demonstrated. The role of other glycopro- 
teins, such as fibronectin, in the collagen-platelet interaction is, however, less 
certain. The possibility is discussed that collagens types IV and V may interact 
, with platelets differently to the fibrillar interstitial collagens (types I and III) 
allowing the adhesion of platelets to the subendothelial surface without the 
formation of aggregates. 

The integrity of the endothelium is essential to maintain the non-thrpmbo- 
genic nature of the luminal surface of the vessel wall. There are good reasons 
for supposing that both fibronectin and laminin may be involved in the 
attachment of the endothelium to an underlying collagenous matrix. In accord 
with this supposition, isolated endothelial cells have been found to attach to a 
variety of collagens in vitro, in a process largely mediated by endogenous 
fibronectin, and the ability of these cells to bind to laminin has also been 
noted. 
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